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ABSTRACT: In frozen density embedding (FDE), the properties
of a target molecule are computed in the presence of an effective
embedding potential, which accounts for the attractive and
repulsive contributions of the environment. The formally exact
embedding potential, however, is in practice calculated using
explicit kinetic-energy functionals for which the resulting potentials
are in many cases not repulsive enough to account fully for Pauli
repulsion by the electrons of the environment and to compensate
thereby the strong electron—nuclear attraction. For the excited
states on the target molecule, this leads to charge spill-out when
diffuse basis functions are included, which allow that valence
electrons are excited to those regions of the environment where
the strong nuclear attraction is not sufficiently compensated by

FDE

FDE(ECP)

repulsive contributions. To reduce this insufficiency, we propose in the present work the inclusion of atomic all-electron
pseudopotentials for all environment atoms on top of the conventional embedding potential. In the current work, the
pseudopotentials are applied for computing vertical excitation energies of local excited states in complex systems employing the
second-order algebraic diagrammatic construction (ADC(2)) scheme. The proposed approach leads to significantly reduced charge
spill-out and an improved agreement of FDE and supermolecular calculations in the frozen solvent approximation. In particular,
when diffuse functions are employed, the mean absolute deviation (MAD) is reduced from 0.27 to 0.05 eV for the investigated cases.

1. INTRODUCTION

One of the everlasting problems of quantum chemistry is the
large increase of computation time with system size, making
the calculation of large biomolecules or complex systems very
expensive or even impossible tasks. One way to decrease the
computation time of complex systems are embedding methods,
where the focus is set to only a part of the system and the
influence of the environment onto this part is approximated. A
popular class of embedding methods are QM/MM meth-
ods,'™> where the environment is described through point
charges and force field methods. One representative is the
polarizable embedding® (PE) method. Here, the polarization
of the MM region is additionally taken into account through
point dipole—dipole polarizabilities, fluctuating charges, or
Drude oscillators.

A problem of QM/MM methods is that they miss purely
quantum mechanical interactions without classical counter-
parts such as Pauli repulsion and nonadditive energy
contributions that become important when the electron
densities of the active part and the environment start to
overlap. For this task, a quantum mechanical description of the
environment is needed, also denoted as QM/QM embedding.
One method belonging to this class is frozen density
embedding (FDE).” In FDE, the total system is divided into
small quantum mechanically described subsystems, and the
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interaction between them is expressed through density
functional theory (DFT). While FDE was developed in the
framework of DFT, it was combined with wave function-based
methods already in the 1990s.”° Recently, it has been extended
to methods suitable for dynamic correlation and excited
states.'*"'* A response theory formulation within FDE was
first proposed for three overlapping partitions in 2004'° and
later extended to a general subsystem DFT response approach,
also denoted as coupled FDE (FDEc).'*"”

While the FDE approach is formally exact, in practice
approximations similar to DFT must be made, including the
use of approximate functionals in the interaction term, which
for example are not able to capture long-range dispersion
effects.® Additionally, the interaction term requires an explicit
approximate semilocal kinetic-energy functional. The latter is
an important repulsive contribution, in particular close to the
nuclei of the environment where the strong Coulomb
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attraction has to be compensated to prevent electron spill-out
from the active subsystem into these regions.'”*’

In the present work, furthermore the uncoupled (FDEu)
scheme using the monomer basis is applied to avoid
computational steps that involve the whole supermolecular
system and thereby provides a route for calculations on much
larger systems. While the coupled FDEc treatment enables one
to treat excited states extending to environment subsystems, in
the FDEu approximation used in the current work only excited
states localized on one subsystem are accessible.

The missing Pauli repulsion originating from the orthogon-
ality condition is with numerically accurate implementations
usually not a problem for electronic ground states’' but can
still cause severe problems for excitation energies,”””’
especially in combination with diffuse basis functions that are
often essential for obtaining the excited state accurately. In
such cases, it can change the energetic order of the excited
states and induce low-lying artificial charge-transfer states, that
is, an excited-state electron spill-out problem. One way to
improve the repulsion is through embedding potential
corrections such as long-distance corrections for the kinetic-
energy component24 or an energy correction”” similar to the
DFT-D***” approach for dispersion. The orthogonality of the
orbitals between the subsystems can be restored with
projection-based embedding.”*™*' A first derivation of
subsystem TDDFT with projection-based embedding has
been reported in ref 32. However, in this work wrong
assumptions were made, but refs 33—36 have shown that
supermolecular excitation energies and properties can be
restored if coupling matrix contributions are correctly taken
into account. Because of the orthogonalization for the whole
supersystem, however, these approaches come at a compara-
tively high computational cost. The description by the
embedding potential can also be improved through the
potential reconstruction scheme,’” leading to improvements
in TDDFT excitation energies of systems with hydrogen-
bonding interactions.”® However, the necessary supermolecular
calculations make this method quite expensive for large
environments.

We aim to address the problem of missing Pauli repulsion by
reintroducing it into the embedding potential through effective
core potentials, following the strategy of ref 39 used for PE,
resulting in a significant improvement in the accuracy of
excitation energies within the Algebraic Diagrammatic
Construction through the second-order, ADC(2),
model.**~* Effective core potentials (ECP) come with a
small cost and are already implemented in many quantum
chemical programs. Using ECPs to model chemically inactive
electrons is a well-known approach and commonly used for
heavy elements to replace inner electrons and to model the
most important relativistic effects in otherwise nonrelativistic
calculations.* In combination with embedding methods, ECPs
have first been used to model cations in embedded cluster
calculations to analyze defects in ionic crystals.'”** In
particular, in the latter context, the idea of representing less
important parts of the system by model potentials has also
been extended to include valence electrons, for example, in the
(fragment) ab initio model potential approach of Seijo and co-
workers.*>*° Similar ideas are also used to represent atoms or
functional groups at the QM—MM boundary in QM/MM
approaches.*’ "

Because FDE does not use point charges and multipoles to
approximate the embedding potential and includes repulsive
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contributions originating from the exchange and kinetic
energy, missing intersystem Pauli repulsion is for ground-
state FDE calculations less an issue’! than for the QM/MM
approaches mentioned above. Probably for this reason, ECPs
have to the best of our knowledge until now not been used for
the computation of excitation energies within the FDEu model,
although the missing intersystem Pauli repulsion is much more
important for excited states where energetically higher-lying
orbitals are occupied, which are either themselves more diffuse
than those occupied in the ground state or are energetically
close to such diffuse orbitals. In the current work, we assess the
performance of ECPs fitted to reproduce the virtual orbital
energies of noble gases atoms for mitigating the problems from
missing Pauli repulsion for FDEu at the level of ADC(2) as the
correlated wave function method to compute excitation
energies within the frozen solvent approximation,”’ that is,
neglecting the response of the solvent. The latter allows one to
compare the FDE results directly with those from ADC(2)
calculations that use a supermolecular Hartree—Fock reference
but allow only excitations out of orbitals located on the active
subsystem. Besides the general performance of the approach,
an important question will be whether including such ECPs
simultaneously with the nonadditive kinetic and exchange
energy contributions, that are part of the FDE scheme, will
lead to double counting of repulsive interactions.

2. THEORY

Frozen density embedding (FDE) as used in combination with
wave function methods goes back to subsystem DFT, in which
the total density of a system is decomposed into the subsystem
densities:

p(r) = D p(r)

i=1

(1)

where m denotes the number of subsystems, typically
corresponding to the number of molecules. On the basis of
this decomposition of the density, the energy of the total
system is written as the sum of the energy contributions of the
individual m subsystems plus one interaction contribution,
expressed using the densities of the subsystems:

E = X Elp(0)] + Enlp,(0), . ,(0)] o
i=1 2

Formally, the interaction energy is defined therefore as the
difference between the individual energies and the total energy:

Emt[pl(r), vy Pm(l‘)] = Etot[pl(r)) vy ﬂm(l')] - z E,[ﬂ,(r)]
i=1
(3)

The main advantage of the decomposition and sorting is
rooted in the description of the interaction term as a functional
of the subsystem densities, as the decomposition allows for
employing different methods for the individual subsystems in
general and the use of wave function methods in particular. If
wave function methods are used, for example, for all
subsystems, one can replace the density functional for the
energy of these individual subsystems in eq 2 with a functional
of the wave function. Note, however, that the interaction
contribution is nevertheless expressed in terms of the
subsystem densities; see eq 3:
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Ey = Z [¥(0)] + Eylp,(x), ... p,(0)] @
-1 4

The motivation for this is that the interaction energy can then
be expressed in terms of the densities, independent of the
methods chosen for the individual subsystems:

()] = Zzﬁmumr

Eint[pl(r)) ﬂz(r), s B,

i jFi
- p(X)p(x)
+ Z Z / f ! r dr’
oy [r —rl
i jF
+ Egdip, (1), . 9, (0] + Exy ()
where IJ} is the potential of the nuclei of subsystem j. Epdd

contains the nonadditive contributions of the kinetic and
exchange-correlation energy and is given as

nadd[pl(r) p (1= Tp(r) + ..+ p (0]

- Z T'p(0)] + Elp,(x) + . + p ()]

~ D ELlp(0)]
i (6)

Note that the kinetic contributions need to be computed using
an explicit, that is, approximate, kinetic-energy functional.
Deriving equations for the energy, or wave function, of a
subsystem i leads to the conventional equations for the energy,
or wave function, of a subsystem, which in the embedding case
contains additional terms due to the interaction energy. These
additional terms based on the interaction energy are
commonly denoted as embedding potential and are given by

QMW—ZW®+Zf

j#i j#i

dr + v} (r)

(7)
where 14__ contains the nonadditive contributions obtained as
the functional derivative:

8(T[p) + E,[p])
Ulo(c( ) T
P=Prot
_ 8(Tlp] + E.lp))
oy (8)

The embedding potential given in eq 7 is used in the present
work in ground-state Hartree—Fock, ground-state second-
order Moller—Plesset perturbation theory (MP2), as well as
the response equations for the second-order adiabatic-
diagrammatic construction (ADC(2)) scheme by including it
in the Fock operator of subsystem i:

~FDE
F

AvVac

=F + l/emb(r) (9)

where F* is the conventional vacuum Fock operator. No
additional changes to the code are needed for MP2 within the
perturbation on energy”” (PTE) reaction field scheme and for
ADC(2) if used within the frozen solvent approximation.”'
Intermolecular interactions can be decomposed into differ-
ent contributions, see ref 53, of which one important
contribution is the repulsive exchange (Pauli) repulsion
between the electrons of two fragments having the same
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spin. Note, of course, that only the total intermolecular
interaction is an observable, but the individual contributions
are not. For example, if the exchange repulsion is not included
as, for example, in mixed quantum-mechanics/molecular
mechanics (QM/MM) methods, attractive contributions
might dominate too strongly so that the intersystem distance
of two fragments is too short. On the basis of this analysis,
effective core potentials were introduced in polarizable
embedding.39

In FDE, repulsive effects beyond the pure electrostatic
contributions are included via the nonadditive exchange-
correlation and kinetic terms contained in the embedding
potential; see eq 7. > The literature reveals, however, that the
contributions beyond the pure electrostatic embedding are not
large enough in case of strong interactions; for example, in case
of potential-energy surfaces, FDE is not repulsive enough
Furthermore, for weakly interacting complexes, an “electron-
leak” problem in FDE calculations occurs due to the strongly
attractive nuclear potential, which is not compensated
sufficiently by the kinetic functional.”*** This drawback
might be rooted in the approximate kinetic-energy func-
tionals.”® As a solution, however, the use of effective core
potentials was proposed.'” To the best of our knowledge,
ECPs were only pursued in FDE in terms of core orbitals
relevant for electronic ground states.

In the present work, we focus on charge spill-out during
electronic excitations. If diffuse basis functions are included,
which is often necessary for accurate excitation energies,
electronic excitations might lead to a charge redistribution such
that electron density is moved to environment regions that
exhibit a strong nuclear attraction where the repulsion is not
sufficiently accounted for by the potential vj,. The resulting
unphysical attraction is significantly reduced when all-electron
ECPs are introduced to model the Pauli repulsion, which leads
to an improved description of the interaction in particular in
regions that are close to nuclei. We therefore add the potential
from all-electron ECPs on all atoms in the environment Zp to
the FDE Fock operator of subsystem i, leading to

ﬁFDE(ECP) _ ﬁFDE

+ Dcp (10)
In difference to the local potential vj,(r), the ECP potential
Dicp is nonlocal as it employs projection operators to act on
specific parts of the one-electron Hilbert space. This facilitates
the modeling of repulsion effects from the Pauli exclusion
principle. Using all-electron pseudopotentials instead of
effective core potentials that model only core orbitals leads
to a description of the Pauli repulsion with all electrons of the
environment and not just those near the nuclei. This is very
important because the nonbonded interactions between
subsystems are expected to happen primarily between valence
electrons. A simple set of all-electron pseudopotentials that
reproduces the virtual orbital energies of the noble gases and
can be used for the elements in the same period has been
developed for He, Ne, and Ar in ref 39 and for Kr and Xe in
the current work (vide infra). These all-electron pseudopo-
tentials are expected to model approximately the interaction
with the valence region of an atom in a molecule if it can be
assumed that (for main group elements) the octet rule is
fulfilled, which should be the case if the environment has no
low-lying electronically excited states. For a given angular
momentum, these pseudopotentials include all components
and not only selected contributions. Therefore, they are no
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Figure 1. Active/environment total structures of the systems used as a test set. The analyzed chromophore is displayed with balls and sticks, while
the environment is displayed as licorice. Systems (a)—(i) are taken from ref 39, while systems (j) and (k) have been constructed in the present

work.

longer effective core potentials, but can still be calculated with
the available ECP subroutines without further manipulation.
To highlight the nature of their computation, we will continue
to use the shorthand notation ECP, even though they refer to
more than just the core orbitals.

In the FDE approach, the densities of all subsystems are kept
frozen except for the active subsystem whose density or wave
function is relaxed in the presence of the frozen environment.
Subsequently, the role of the active subsystem is shifted to the
next subsystem and its density or wave function is optimized
accordingly. This is repeated for every subsystem. One cycle in
which all subsystems had once the role of the active system is
denoted one “Freeze-and-Thaw” (FaT) cycle. The FaT cycles
can be repeated until self-consistent convergence for the total
system is obtained.

This leads to the following computational protocol for a
FDE procedure with m subsystems:

1740

(1) Optimize isolated subsystem densities and save these
densities and their electrostatic potentials.

(2) Start the current Freeze-and-Thaw (FaT) cycle using i =
1:

(a) Freeze all subsystems except subsystem i.
(b) Relax the density of the active subsystem i in the
presence of the relaxed embedding potential.
(c) Save the density and electrostatic potential of subsytem
i.
(d) If i = m exit; otherwise, set i = i + 1 and go to step (2a).
(3) If the solution is (within a preset threshold) self-
consistent, proceed with step (4); otherwise go to step (2).
(4) Compute the target properties, for example, ADC(2)
excitation energies, of the desired subsystems.
While in supermolecular calculations electronic excitations
are possibly delocalized over many atoms, FDEu constrains
electronic excitations by construction to one subsystem. This

https://doi.org/10.1021/acs.jctc.1c00732
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qualitative difference leads to quantitative differences when the
comparison of FDE and supermolecular reference results is
sought. To provide reference results that are obtained in a
spirit similar to FDE, we have implemented the frozen solvent
ADC(2) scheme, employing the PNO-ADC(2) code,”” which
uses localized molecular orbitals (LMOs) for the occupied
space. In this scheme, the ground-state first-order amplitudes
and the excited-state response vectors are restricted to single
and double excitations out of LMOs localized on those atoms
belonging to the target subsystem in the FDE calculation. In
the following, this scheme will be denoted as subsystem-
ADC(2).

3. COMPUTATIONAL DETAILS

All calculations in this work were carried out with a local
development version of the TURBOMOLE®® program pack-
age. The FDE calculations were performed in the monomer
basis of each subsystem. For the embedding potential, the
PBE®’ exchange-correlation and the LC94°® kinetic functional
were used together with a supersystem integration grid created
from the atomic integration grids of all atoms using grid size 3.
We continued with FaT cycles until the electronic energies of
all subsystems were converged within a threshold of 5.0 X 107
H. Subsequently, excitation energies were computed using the
ADC(2) method in the frozen core approximation and the
frozen solvent scheme,’ that is, skipping the response of the
environment.

For the atoms H—Ar, we used the all-electron pseudopo-
tentials for He, Ne, and Ar reported in ref 39. For iodine and
bromine, we used the all-electron pseudopotentials optimized
for krypton and xenon as part of the present work. Details can
be found in the Supporting Information. FDE calculations with
the pseudopotentials are denoted as FDE(ECP) in the
following.

Reference results are computed using the subsystem-
ADC(2) approach with a tight PNO truncation threshold of
107~°, using IBO localization. All ADC(2) calculations
employed the frozen core approximation for all orbitals with
energy below —3 hartree.

3.1. Ethylene—Tetrafluoroethylene Dimer. The geo-
metries of the two molecules ethylene and tetrafluoroethylene
(TFE) have been optimized independently of each other with
DFT/B3LYP*’ employing D,, symmetry each. These two
monomers were then placed coplanar on top of each other, for
which the lowest 10 excitation energies have been computed
using ADC(2) for distances between 5.5 and 18 bohr. For this
system, we used the d-aug-cc-pVTZ basis set,”’ and the
densities in the FDE calculations were computed at the
Hartree—Fock level of theory.

3.2. Embedding Test Set. For a more representative
analysis of the FDE(ECP) approach for excitation energies, we
employ a test set consisting of 11 systems; see Figure 1. The
structures of systems (a)—(i) were taken from ref 39. These
systems contain chromophores in different chemical environ-
ments such as water, organic solvents, biomolecular matrixes,
and molecular container. They have furthermore been shown
to be sensitive to electron spill-out in QM/MM excitation
studies. To this set were added systems (j) and (k) to include
test cases for bromine and iodine as examples for atoms from
periods 4 and S. The structures for these two systems were
optimized using DFT/B3LYP"” with a grid size of 3 and the
cc-pVTZ®" basis set for the pyrazine subsystem and cc-pVDZ
for its environment. This test set allows one to investigate the
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robustness of the FDE method against electron spill-out and
the efficiency of the FDE(ECP) approach in various
environments.

The first two vertical excitation energies of the chromo-
phores in the presence of the environment have been
computed using the Dunning’s cc-pVTZ and aug-cc-pVTZ**
basis sets for the chromophore and the cc-pVDZ basis set for
the environment. For FDE calculations, the HF density was
used for the chromophore and the DFT/PBE density
employing grid 3 for the environment subsystems. System
(h) and (i) have also been computed employing the
revapbek® and Thomas—Fermi kinetic functional®** for the
embedding potential. The results can be found in the
Supporting Information. Because the difference in excitation
energies between the investigated kinetic energies is com-
parably smaller than the difference from the reference, they are
not discussed further. As in ref 39, for system (h), only the first
excitation energy is included.

The potentials for the PE and PE(ECP) calculations were
taken for systems (a)—(i) from ref 39. For system (j) and (k),
we used a JAO-D3 potential; that is, multipole moments are
obtained from an IAO analysis of each subsystem, and the
polarizabilities are taken from the DFT-D3 correction
parameters.27 Excitation energies were computed neglecting
the response of the environment and using the frozen core
approximation.

Subsystem-ADC(2) excitation energies of systems (h) and
(i) were also computed with different localization methods, for
example, the Boys"®®” method, the second moment®® method
with an exponent of 2, and the fourth moment® method; see
the Supporting Information. The different localization
methods result in only insignificant changes in the excitation
energies and will not be discussed further.

4. RESULTS

4.1. Ethylene—TFE Dimer. We have used the ethylene—
TFE dimer to study the effect of different contributions from
the intermolecular interaction on excitation energies as a
function of the interaction strength, which for this system can
easily be tuned by changing the distance between the
molecules. The different effects from the ground-state potential
(without London dispersion) and the remaining contributions
as excitonic coupling and excited-state response on the
interaction-induced shift of the excitation energies can be
seen in Figure 2, which shows the first eight excitation energies
of the ethylene—TFE dimer from supermolecular and
subsystem-ADC(2) calculations. One can see that at large
distances for all eight excitations the results obtained with the
two approaches converge to the same values, as it should be as
long as none of the excited states is a long-range charge-
transfer state that would be missing in the subsystem-ADC(2)
calculations. If the two molecules get closer, the differences
between both approaches increase. Major differences are in
particular seen for the higher lying states and at short distances
(below about 7.086 bohr). A big effect can be seen in the third
excitation energy where both approaches end up with a
difference of 1.52 eV at a distance of 5.5 bohr. This illustrates
that supermolecular calculations are not a helpful reference for
validating the accuracy of individual contributions of
uncoupled embedding approaches for excitation energies.

Figure 3a and b shows the first four excitation energies of,
respectively, the ethylene and TFE subsystems within the
ethylene—TFE dimer employing FDE, FDE(ECP), and
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TFE system with respect to the distance between both subsystems for
FDE, FDE(ECP), and subsystem-ADC(2). A vertical bar is shown at
7.086 bohr.

subsystem-ADC(2) as the reference. This figure shows that for
long distances the FDE results converge for all states to the
subsystem-ADC(2) result, corresponding to a vanishing
embedding potential without artifacts in the long-range region.

For most excitations on ethylene, see Figure 3a, the FDE
curves are in good agreement with those from subsystem-
ADC(2), including intermediate and short distances. However,
for the first and the fifth excited states, FDE yields too low of
excitation energies for intermediate distances at about 10—12
bohr (curves with boxes). Adding the pseudopotentials to the
embedding potential, that is, using FDE(ECP), leads to major
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improvements for the problematic cases (curves with circles),
although FDE(ECP) is not able to provide in all cases accurate
shifts for short distances below 7.086 bohr in all cases. In these
cases, exchange effects that cannot be captured in the FDE
scheme and modeled only very roughly by the ECPs are most
likely the reason. The significant improvements when going
from FDE to FDE(ECP) support the analysis that the strong
attraction is not completely compensated by the kinetic energy
functional and the description can be improved using simple
pseudopotentials, although at short distances some deviations
with respect to the reference subsystem-ADC(2) show up due
to remaining errors in the description of Pauli repulsion and
exchange effects.

In case of the TFE subsystem of the ethylene—TFE dimer,
Figure 3b reveals even more severe problems for the
conventional FDE approach. For most of the excitations,
significant deviations are obtained between FDE (curve with
boxes) and subsystem-ADC(2) (curve with triangles) at
distances below 10—12 bohr. For all excited states in this
case, excitation energies obtained with the conventional FDE
approach decrease with shorter distances, while for some states
the subsystem-ADC(2) reference results in an increase,
yielding a qualitatively wrong behavior with conventional
FDE. To give an example, in case of the fourth excitation, the
FDE curve (circles) deviates already clearly from the reference
value at a distance as large as 16 bohr. Adding the
pseudopotentials to the embedding potential improves the
excitation energies significantly. The results are not as close to
the subsystem-ADC(2) reference as for the ethylene subsystem
but reproduce in all cases the correct behavior of the excitation
energies as a function of the distance between the two
molecules.

To summarize, the results for the ethylene—TFE dimer
reveal unambiguously that simple pseudopotentials increase
the accuracy of the numerical outcome of FDE calculations for
excitation energies significantly, especially for shorter distances,
that is, stronger interactions. In particular, qualitatively wrong
curves are corrected to yield a qualitatively correct description.

4.2. Embedding Test Set. Having assessed the accuracy of
the FDE(ECP) method as the example of a model dimer
system, we now turn to larger systems collected in the test set;
see Figure 1. In the left graph of Figure 4, the deviations of the
excitation energies @ obtained with FDE-ADC(2) from the
subsystem-ADC(2) reference results are shown for the cc-
pVTZ and aug-cc-pVTZ basis sets. The corresponding
deviations for FDE(ECP)-ADC(2) are shown in the right
graph of Figure 4; see also Table 1.

Figure 4 reveals that in case of the cc-pVTZ basis, which
does not contain diffuse functions, the deviations are in most
cases rather small. The largest deviation is 0.20 eV, and the
mean absolute deviation (MAD) is as small as 0.05 eV.
Introducing ECPs, the largest deviation decreases slightly to
0.19 eV, and the MAD increases to 0.06 eV. One can conclude
that, in this case, the basis set without diffuse functions is not
able to allow for excitations into the problematic regions of the
environment so that ECPs are not required.

For the aug-cc-pVTZ basis, which contains diffuse functions,
Figure 4 reveals an increased MAD of 0.27 eV and a maximum
error as large as 1.84 eV. It should be pointed out that the
FDE-ADC(2) method consistently underestimates all vertical
transition energies resulting in a mean signed deviation (MSD)
of —0.27 eV. This indicates an electron spill-out in these
systems in case of conventional FDE-ADC(2). Introducing
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Figure 4. Deviations of the FDE-ADC(2) (left) and FDE(ECP)-ADC(2) (right) excitation energies (Aw) with respect to subsystem-ADC(2)
excitation energies @. Statistics for these deviations are collected in Table 1.

Table 1. Mean Signed Deviation (MSD), Mean Absolute
Deviation (MAD), and Maximum Deviation (MAX) for
FDE and FDE(ECP) with Respect to Subsystem-ADC(2)“

basis method MSD MAD MAX
cc-pVTZ FDE-ADC(2) +0.02 0.05 +0.20
FDE(ECP)-ADC(2)  <+001 006  +0.19

aug-cc-pVTZ  FDE-ADC(2) —027 027  —184
FDE(ECP)-ADC(2)  >-001  0.05 +0.18

“See Figure 4. All values are in electronvolts.

ECPs, the largest deviation decreases significantly to 0.18 eV
and the MAD to 0.05 eV. The magnitude of the MSD is now
reduced below 0.01 eV, showing that the excitation energies
are both underestimated and overestimated to a similar
amount.

The impact of the ECPs on the physics of the transitions can
be illustrated with natural transition orbitals (NTOs). As an
example, the occupied and virtual NTOs of the second

excitation of system (i) are displayed in Figure S. The
corresponding excitation energy exhibits an error of —1.42 eV
in case of FDE-ADC(2) and is reduced to —0.02 eV in case of
FDE(ECP)-ADC(2), making it the excitation with the largest
influence of the ECPs in our test set. Figure 5 shows that the
occupied NTOs differ without and with ECPs and only with
ECPs is the correct NTO described, but in both cases they are
well localized on the target chromophore. In case of the virtual
NTOs, however, the huge influence of the ECPs is revealed.
Using FDE-ADC(2) leads to a virtual NTO that is not located
on the chromophore but on the environment. By virtue of the
ECPs in FDE(ECP)-ADC(2), the virtual NTO is fully
(re)located on the chromophore.

To analyze the influence of the ECPs upon the occupied and
virtual space, one can compare the frontier orbital energies,
that is, the energy of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO), of FDE-HF and FDE(ECP)-HF. The comparison,
see the Supporting Information for details, shows that in most

) ©

Figure S. Natural-transition orbitals (NTOs) of the second vertical excitation of system (i). Top, virtual NTOs; bottom, occupied NTOs. Left,
FDE method without ECPs; middle, FDE(ECP) method with ECPs displayed in green; right, subsystem-ADC(2).
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Figure 6. Environment-induced shifts of the first (left) and second (right) vertical excitation energies employing the aug-cc-pVTZ basis set. The
PE-ADC(2) and PE(ECP)-ADC(2) excitation energies of systems (a)—(i) are taken from ref 39.

cases the orbital energies increase due to ECPs, which is to be
expected due to the additional repulsive term. Only in one case
of the test set (system (b)) are lower orbital energies obtained.
However, in most cases, the increase in orbital energy is
pronounced for the LUMO and in case of diffuse basis
functions, while there are only a few cases in which the energy
of the HOMO is increased more than the energy of the
LUMO.

To give an example, the largest difference between the FDE-
ADC(2) and FDE(ECP)-ADC(2) excitation energies occurs
in case of system (i). In this case, the HOMO energy is in the
cc-pVDZ basis set increased by 47 meV and the LUMO energy
by 125 meV, while in the aug-cc-pVTZ, which contains diffuse
functions, the HOMO energy is increased by 44 meV and that
of the LUMO by 3291 meV.

Figure 6 shows a comparison between the frozen density
embedding and the polarizable embedding (both within the
frozen solvent approximation) for the environment-induced
shifts in the excitation energies in the aug-cc-pVTZ basis.
Comparing FDE-ADC(2) and PE-ADC(2), that is, embedding
methods without pseudopotentials, reveals that for FDE the
electron spill-out problem is not as large as for PE. It is even
removed almost entirely for the first excitations of system (i)
and (h), but still for FDE many shifts show the wrong sign,
revealing that the nonadditive kinetic energy term is in many
cases not repulsive enough to repel leaking electrons. However,
both embedding methods employing ECPs, that is, FDE(ECP)
and PE(ECP), are similarly accurate for the cases investigated
in the present work. Employing the same ECPs, FDE(ECP)
differs from PE(ECP) in the frozen solvent approximation
mainly by the additional nonadditive functional contributions.
If ECPs and the nonadditive kinetic contribution lead to a
double counting of repulsive effects, an increase of the
deviations from the reference values from PE(ECP) to
FDE(ECP) would result, but this is not observed in the
present work. This leads us to the conclusion that the Pauli
repulsion originating from the orthogonality of MOs is
described exclusively by the ECPs, which via projection
operators shift that part of the Hilbert space that is (in the total
supersystem) occupied by the electrons of the environment
energetically up so that they are no longer accessible for the
electrons of the active subsystem. On the other hand, there is
no indication for a significant overestimation of repulsive
exchange and kinetic energy contributions for those parts of
the Hilbert space not occupied by the electrons of the
environment by including both the local zj,. and the nonlocal
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DL cp potentials, in the Hamiltonian and Fock operators for the
active subsystem.

5. CONCLUSION

In frozen density embedding, available kinetic energy func-
tionals are often not repulsive enough to compensate the
nuclear attraction, in particular in regions close to the nuclei.
While in ground-state calculations, the missing repulsion does
usually not cause problems, it becomes more visible for excited
states if the basis set contains diffuse atomic orbitals that are
often essential to obtain accurate excitation energies. In the
present work, we have proposed an FDE(ECP) scheme in
which effective core potentials are included in the embedding
potential to account for the missing repulsion. The ECPs do
not lead to a significant change in the occupied orbitals but
have a significant impact mainly on the virtual orbitals, which
are repelled by the ECPs from those parts of the Hilbert space
that would be occupied by the electrons of the environment.

The calculations for the ethylene—TFE dimer at different
distances revealed that conventional FDE can lead to a
qualitatively wrong behavior for several excited states.
Employing ECPs in the FDE(ECP) approach leads to a
significant improvement, and the qualitative trend of all excited
states is reproduced.

For a test set consisting of 11 systems, which are sensitive to
electron spill-out, the mean absolute deviation (MAD) for the
results in the aug-cc-pVTZ basis set is reduced from 0.27 to
0.0S eV and the maximum error from 1.84 to 0.18 eV when
using FDE(ECP) instead of FDE.

The ECPs for bromine and iodine reported in the present
work are designed in such a way that they can be used for all p-
block elements within the same period. Further improvements
could possibly be obtained by using additional functions and
parameters in the ECP or by fitting the potentials individually
for each element within a period.

Overall, the results from the present work demonstrate that
FDE provides a somewhat more robust approximation for the
embedding potential with a reduced unphysical electron spill-
out than a PE approach with a multipolar representation of the
environment’s charge density. Also, FDE does not require the
parametrization of static and induced multipole moments,
which can be another limiting factor for the accuracy of PE
models, and it accounts, in difference to the latter, also for
nonadditive kinetic, exchange, and correlation contributions.
However, the remaining errors in FDE due to the approximate
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account of repulsive contributions by the kinetic energy
functionals can still be sizable and can limit the accuracy of the
excitation energies, in particular for diffuse basis functions.
Incorporating in the FDE calculations the same simple ECPs as
proposed recently for PE leads to significantly improved
excitation energies. A double counting of repulsive contribu-
tions that could be anticipated when ECPs are included, in
addition to the nonadditive kinetic energy contributions, is not
observed.
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