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ABSTRACT: QM/MM calculations of electronic excitations with
diffuse basis sets often have large errors due to spill-out of
electrons from the quantum subsystem. The Pauli repulsion of the
electrons by the environment has to be included to avoid this. We
propose transferable atomic all-electron pseudopotentials that can
readily be combined with most MM force fields to avoid electron
spill-out. QM/MM excitation energies computed with time-
dependent Hartree—Fock and the algebraic diagrammatic con-
struction through second-order are benchmarked against super-
molecular calculations to validate these new pseudopotentials. The
QM/MM calculations with pseudopotentials give accurate results
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that are stable with augmentation of the basis set with diffuse

functions. We show that the largest contribution to residual deviations from full QM calculations is caused by the missing London

dispersion interaction.

A standard tool for multiscale simulations of molecular and
spectroscopic properties in complex environments is
QM/MM methods.'~* Many quantum chemistry packages are
equipped with a QM/MM module or have been interfaced
with molecular mechanics programs. For a fast convergence
with the size of the quantum mechanical (QM) region, it is
advantageous if the molecular mechanics (MM) part is
polarizable.”” Different polarizable QM/MM schemes have
been developed that account for the polarization of the MM
region through, e.g, point dipole—dipole polarizabilities,*~"®
fluctuating charges,""'*™"" or Drude oscillators.”’™** Up to
today, polarizable QM/MM approaches have been combined
with a wealth of ab initio methods, including (time-dependent)
Hartree—Fock and density functional theory,”'>'*'>*? and
some of the most widely used correlated wave function
methods, e.g., coupled-cluster””*®> (CC), the algebraic-
diagrammatic construction’®*” (ADC), multiconfigurational
self-consistent field*® (MCSCF), complete active space
perturbation theory”” (CASPT2), the second-order polar-
ization propagator approach (SOPPA),’ and the density
matrix renormalization group”' (DMRG) approach.

In additive QM/MM schemes,” the missing effects of Pauli
repulsion and dispersion interactions due to electrons in the
QM subsystem are one of the major deficiencies that require
going beyond a purely classical electrostatic and mechanical
description. In the following, we focus on additive polarizable
QM/MM methods for which the energy can be written as the
sum of the internal energies of the QM and MM subsystems
and an interaction term:
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The latter consists usually of a contribution from the
permanent electrostatic moments of the particles in the MM
region, EQVMM - polarization contribution, EP%DIA/ MM and

contributions from nonclassical or van der Waals interactions,
EQU/MM,
vdW .

EQUMM _ pQM/MM EI%IIVI/MM + EQUMM @)
is usually approximated by purely mechanical
potentials acting only on the nuclei, e.g, pairwise 6—12
Lennard-Jones potentials. The missing effect of the Pauli
repulsion on the electronic wave function leads to the so-called
electron spill-out (ESO) problem. This problem manifests
itself as an unphysical leaking of the electron density into the
MM environment. The ESO diminishes the accuracy of the
calculations and in some cases causes completely unphysical
results, in particular, when diffuse basis functions are required
to capture the physical character of an excited state or to
achieve the required accuracy. Several remedies have been
proposed to avoid it. The modified Coulombic interaction
approach® is often used in combination with standard MM
force fields. It has also been suggested that replacing point

M/MM
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multipole moments w1th a Gaussian-smeared charge density
can cure the issue.’® This can, in effect, lift the electrostatic
singularities that occur at MM sites with point multipoles and
provide a more accurate description of the continuous charge
distribution in the short-range including charge penetration
effects. However, these methods do not capture the effects of
the Pauli exchange repulsion on the electronic wave function.
In recent years, several extensions of the standard polarizable
QM/MM approach have been proposed to substitute the
purely mechanical description of EQY™M by a density-
dependent description of Pauli repulsion.”*™” Some of these
approaches, e.g., EFP2, are more accurate but also more
involved and costly.”*** For some of them,”> molecular
gradients are not yet available, and some require preceding
QM calculations for the MM subsystem or a reparametrization
of the electrostatics,”**”*" which limit their applicability for
large systems.

Therefore, there is a demand for techniques to avoid the
ESO in QM/MM calculations, which satisfy the following
criteria: i) low computational cost that does not scale steeply
with the size of the MM region, ii) accurate enough to be used
with small QM regions and high-level QM methods, iii)
compatible with the calculation of molecular gradients and
response properties, and iv) easy to set up and parametrize.

Using pseudopotential operators to model the effect of
chemically inactive (core) electrons on the explicitly treated
electrons is a well-known agproach.w The method was first
introduced by Hellmann*"* and Gombas™ to model Pauli
repulsion in metallic systems. Notably, for heavy elements,
effective core potentials (ECPs) are frequently employed to
reduce the computational costs and to include the most
important relativistic effects on the valence electrons* in
otherwise nonrelativistic calculations. ECPs are also widely
used in embedded cluster calculations for defects in ionic
crystals and on their surfaces to avoid ESO as for these
systems, the MM subsystem contains only a few atom- or ion-
types, and well-parametrized ECPs are available.”> Para-
metrized ECPs have also been used in ground- and excited-
state QM/MM calculations to model boundary atoms and
functional groups at the QM/MM boundary.*™* In the
current work, we investigate the possibility of using atomic
pseudopotentials to avoid the electron spill-out problem in
QM/MM calculations on electronically excited states.

For simplicity of the parametrization, we assume that all
atoms in the MM region fulfill the octet rule, ie., have no
dangling bonds that might serve as electron acceptors, and that
their contribution to the Pauli repulsion can be described by a
superposition of transferable one-center pseudopotentials that
mimic approximately the core and valence electrons. We use
the same ansatz as for the usual ECPs” since for them the
integrals are already available in most quantum chemistry

packages:

AECP R 2 i i A
()= E ZAhk Iy — rf" exp(—afy(r; — £))B ()

=0 k 3)
with
1
PAi) = ) WAlmy(i))(Almy (i)
my=—1 (4)

In eq 3, P{(i) projects the orbital occupied by electron i on
the spherical harmonic function with angular momentum I

around the position r; of the MM site A. In the current work,
lnax 18 set to the highest angular momentum occupied in the
ground state configuration of the atom plus one, the exponents
nfk are set to zero, and only one Gaussian function (k = 0) is
used per angular momentum. For simplicity, we assume that
the ECPs only depend on the number of atomic orbitals that
are (partially) filled after fulfillment of the octet rule, i.e., we
use for H the same ECP as for He, for B—F the same as for Ne,
and for Al—CI the same as for Ar. For the current work, we
thus only optimized ECP parameters for the three rare gas
atoms He, Ne, and Ar. The coefficients Azo and exponents alo
for He, Ne, and Ar were determined by minimizing the
objective function

m:tx 2

ECP _ aH el\2
=2, 2 (e
1=0 a=1

all-el

(5)

where €1a P and €}, are the canonical Hartree—Fock orbital
energies of the Iowest unoccupied orbitals a with angular
momentum [ in, respectively, ECP and all-electron calculations
on the atoms in a large basis set, see Tables S1—S3 in the
Supporting Information. Adding such minimal ECPs to all
MM sites increases the computational cost only moderately
(see Table S4 in the Supporting Information), and since the
ECP integrals are more short-ranged than the Coulombic
charge and multipole interaction integrals, they will not affect
the scaling of the overall cost with the sizes of the QM and
MM regions. For the following, we focus on the polarizable
embedding'”'****° (PE) variant of QM/MM, and, to
distinguish between PE calculations with and without ECPs
at the MM centers, we denote the ECP-augmented polarizable
embedding as PE(ECP).

To assess the performance of PE(ECP), we compare below
electronic excitation energies calculated within QM/MM
setups with and without ECPs with full QM calculations at
the time-dependent Hartree—Fock (TDHF) and the ADC(2)
level. TDHF has been chosen in order to fully exclude
correlation and thus dispersion effects. In this way, the
deviations of PE-TDHEF from full QM TDHEF calculations can
only come from the parametrization of the potential for the
electrostatic interaction, including the polarization and (the
lack of) Pauli repulsion. In the correlated wave function
method ADC(2), the London dispersion interaction between
the QM subsystem and the MM environment is, in addition to
the Pauli repulsion, another source of discrepancy between the
full QM and the QM/MM calculations. For the ADC(2)
calculations we used the PNO-ADC(2) code’"” that is part of
the development version®®> of TURBOMOLE. At this level of
theory, we are able to separate the dispersion contribution
from the supermolecular full QM calculations by decom-
position of the correlation contributions to the excitation
energies. The PNO-ADC(2) implementation is based on
localized molecular orbitals (LMOs) for the occupied and pair
natural orbitals for the virtual space which allows for splitting
of the correlation contribution to the excitation energy
originating from the double excitations, T, = Za,h]t“brl
according to the localization of the LMOs i and j into

e a major contribution where both LMOs are localized
on the chromophore in the QM region,

e a smaller intermolecular contribution where one LMO
is localized on the chromophore and one in the
environment, which includes the dispersion interaction,
and

https://dx.doi.org/10.1021/acs.jctc.9b01162
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Table 1. Full-QM NoD-PNO-ADC(2) (Tpno = 9) Excitation Energy AE to the Second-Lowest Singlet Electronic Excited State
S, of Cholesterol in Cyclochexane, Calculated with Mixed aTZ/DZ and TZ/DZ Basis Sets”

Level So

AE (eV)

oce vir

full-QM/aTZ

nm — O-Ryd. | 6.40 (6.26)

full-QM/TZ 7 — C-Ryd.

7.54 (7.08)

PE/aTZ

™ — ESO 4.

PE(ECP)/aTZ | nm — O-Ryd. 6.41

“The ful-QM PNO-ADC(2) S, excitation energies are quoted in the parentheses. PE- and PE(ECP)-ADC(2)/aTZ excitation energies AE are
calculated within the post-SCF linear response (LR) formalism. NTOs are visualized for isosurface values of +0.0275 au. Carbon atoms of solvent

molecules are shown in green.

® a minor contribution where both LMOs are localized
in the environment.

By subtracting the second contributions from the reference
full QM PNO-ADC(2) excitation energies (denoted below as
NoD-PNO-ADC(2) results), we can isolate the electrostatic
and Pauli repulsion contributions, which are the subject of the
current study. In all the PNO-ADC(2) calculations, we used a
tight PNO selection threshold (Tpyo = 1077) to ensure that
the errors introduced by the local approximations are
negligible.”"

Here, we used basis sets with and without diffuse basis
functions since the amount of ESO varies a great deal with the
inclusion of diffuse functions.”®>* For excited states, however,
diffuse basis functions are usually needed to achieve reasonable
accuracy. This requirement may be alleviated in full QM
calculations for densely packed systems where the diffuseness
can be described by basis functions of the surrounding atoms.
However, this is not the case for QM/MM calculations where
the wave function of the chromophore is solely described with
the basis functions of the QM subsystem. The basis set
requirements of QM/MM calculations are thus similar to
vacuum calculations where diffuse basis functions are
important even for low-lying valence excitations if the accuracy
of correlated wave functions methods (<0.3 eV) should be
exploited. Thiel and co-workers™ showed that in the gas phase,
CC2 excitation energies that are calculated with the triple-{
basis TZVP, deviate already for valence states by about 0.2 eV
from more accurate results in the aug-cc-pVTZ basis.
Therefore, it is desirable to be able to use these basis sets
also in QM/MM calculations.

As we show below, ESO is not limited to Rydberg or high-
lying excitations but also occurs for local valence excitations
(nz*, n*, etc.) and in the lowest electronically excited states,
vide infra. The severeness of ESO depends on, apart from the
diffuseness of the basis set, the polarity of the QM system and
the MM environment. An example of ESO for local excitations
is the lowest 7™ electronic excitation of the green fluorescent
protein (GFP), see the SI

For Rydberg and mixed-valence Rydberg states, diffuse
functions are already unavoidable for a qualitatively correct
description. Even though the Rydberg character is partially

quenched in solution, the corresponding states remain diffuse
in character and require diffuse functions for a physically
correct description. In ref 56, some of us have shown that the
standard PE scheme without accounting for Pauli repulsion is
not sufficient for the electronically excited states of cholesterol
in cyclohexane solution. The second-lowest excited state, S,,
highlights the problem. Table 1 summarizes some results from
full QM and QM /MM calculations at the ADC(2) level for the
second-lowest excited state, S,, of cholesterol in a cyclohexane
cluster. This example highlights the basis set requirements in
describing electron excitations and the importance of avoiding
ESO to MM environments.

In the fullQM PNO-ADC(2) calculation with the aug-cc-
pVTZ (aTZ) basis, the vertical excitation energy of cholesterol
within the cyclohexane cluster is 6.40 eV after subtracting the
dispersion contribution SEp;, which in this case would cause a
red-shift of 0.138 eV. A similar PNO-ADC(2) calculation in
the cc-pVTZ (TZ) basis, i.e., leaving out the diffuse functions,
gives as S, a different excited state with a much higher
excitation energy of 7.54 eV that deviates from the aTZ result
by 1.1 eV. The PE-ADC(2) QM/MM calculation in the aTZ
basis set is, however, strongly affected by ESO which leads to
the localization of the virtual natural transition orbital (NTO)
on a subunit of the MM environment and an unphysically
small excitation energy of 4.5 eV within the post-SCF linear
response (LR) reaction field scheme.”” In contrast to the
standard PE technique, PE(ECP)-ADC(2) with ECPs on all
MM sites can reproduce in the aTZ basis the NoD-PNO-
ADC(2) result very accurately with a remaining small
deviation of only 0.01 eV.

To evaluate the transferability and accuracy of the
constructed all-electron ECPs for the embedding, we chose
for (PE-)ADC(2) a benchmark set that comprises 9
chromophores and in total 15 electronic excitations, 10 local
(zz*, nz*), and S nonlocal transitions with charge-transfer
(CT) or Rydberg character (see the NTOs given in the SI
Tables S5—S13). For (PE-)TDHF we included in addition 11
further excitation energies (cmp. Table S15—S16) so that, in
total, 26 states are considered at this level. The chromophores
are embedded in chemically diverse environments (see Figure
1), including water, organic solvents (cyclohexane and

https://dx.doi.org/10.1021/acs.jctc.9b01162
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https://pubs.acs.org/doi/10.1021/acs.jctc.9b01162?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.9b01162?fig=tbl1&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://dx.doi.org/10.1021/acs.jctc.9b01162?ref=pdf

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

&
(a) formamide/H,0

(d) cholesterol /cy-CeH12

(g) DMABN/CB[7]

(b) berenil/DNA

(e) aniline-yellow/H,O

(h) GFP/Protein*

(f) acrolein/CzHgN

(i) DBO/CB[?]

Figure 1. Systems that are considered in this study. The QM and MM subsystems for the QM/MM calculations are distinguished by a ”/": (a,f)
taken from a classical MD, see the SI, (b) taken from a classical MD, see the SI, (c) taken from ref 54, (d) taken from ref 56, (e) taken from ref 57,

(gi) taken from ref 26, and (h) taken from ref 7 (*with modification).

acetonitrile), biomolecular (protein and DNA) matrices, and a
large molecular container (cucurbituril-[7], CB[7]). These
examples have been chosen because of their sensitivity to ESO
reported in previous excited-state QM/MM studies.”***’ In
all QM/MM calculations, we placed only the chromophore in
the QM region, and all other molecules are treated at the MM
level. In the PE(ECP) calculations, ECPs are added to all
atoms of the MM environment. The fullQM TDHF
calculations are done using either the cc-pVDZ (DZ) or the
aug-cc-pVDZ (aDZ) basis set for all atoms. For the PE-TDHF
excitation energies, the embedding parameters, i.e, the atom-
centered multipoles and polarizabilities, were determined with
the LoProp method™® using an ANO-recontracted version® of
the corresponding basis that is used in the ful-QM TDHF
calculation. The potential calculation was automated using the
PyFraME Python package.éo These calculations are done with
the Dalton program.®'

The full-QM PNO-ADC(2) calculations, PE-ADC(2), and
PE(ECP)-ADC(2) calculations are done with the pnoccsd
and ricc2 modules of the Turbomole program package.’” In
the fullQM PNO-ADC(2) calculations, mixed basis sets are

used with a larger (TZ or aTZ) basis for the chromophore, and
a smaller DZ basis set is used for the remaining molecules.
Consistently, in the PE-ADC(2) calculations, we used the TZ
and aTZ basis for the QM subsystem. For the embedding, we
used atomic multipoles obtained from an intrinsic atomic
orbital analysis®® at the B3LYP/DZ level and isotropic
polarizabilities from the parameter set for the D3 dispersion
correction.®”®  Furthermore, in the PE- and PE(ECP)-
ADC(2) calculations, the LR coupling between the correlated
wave function and the polarizable environment is included at
the post-SCF LR level.”>*® In the following, the comparison
between excitation energies is based on the NTO analysis in
order to ensure that results are compared for states with the
same physical character.

Looking first at the statistical measures for the TDHF
benchmark set (see Table 2), we see that for a compact basis
set, the overall performance between the PE and PE(ECP)
models is comparable, with similar mean signed deviation
(MSD) (0.05 and 0.04 eV, respectively) and likewise for the
mean absolute deviation (MAD). If diffuse basis functions are
included, the two embedding models perform very differently.

https://dx.doi.org/10.1021/acs.jctc.9b01162
J. Chem. Theory Comput. XXXX, XXX, XXX—XXX
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Table 2. Statistical Measures for the Deviations from the
Full QM Results of Excitation Energies (in eV) for the QM/
MM PE and PE(ECP) Models Combined with TDHF and
ADC(2) in the Test Set”

AEg.qm — OEdisp —
AEgqm — AEqumm AEqum/mm

method/basis set MSD MAD MAX MSD MAD MAX
PE-TDHF/DZ 0.05 0.06 0.21
PE(ECD)- 004  0.05 022
TDHF/DZ
PE-TDHF/aDZ —0.68 0.69 —3.83
PE(ECD)- 005  0.05 021
TDHF/aDZ
PE-ADC(2)/TZ 013  0.15 0.48 002 0.1 034
PE(ECP)- 0.13 0.14 0.54 0.02 0.10 0.39
ADC(2)/TZ
PE-ADC(2)/aTZ —0.95 1.02 —-291 —1.06 1.07 -3.07
PE(ECP)- 0.13 0.14 0.54 0.02 0.07 0.37
ADC(2)/aTZ

“The MSD, MAD, and MAX are the mean signed, mean absolute, and
maximum deviations, respectively. The TDHF results are reported
w.rt. fullQM TDHEF. PE- and PE(ECP)-ADC(2) deviations are
compared with the reference PNO-ADC(2) (columns 2—4) and
dispersion-corrected NoD-PNO-ADC(2) (columns 5—7) calcula-
tions.

Whereas the MSD and mean absolute deviation MAD remain
similar to the DZ case for the PE(ECP), the conventional PE
approach has much larger errors, with the MAD increased
from 0.06 to 0.69 eV. The errors are systematically dominated
by highly red-shifted states, as indicated by the large, negative
MSD. The MAX of —3.8 eV occurs with the third excited state
in the DBO/CB[7] system. Similar large errors are present in
the DMABN and cholesterol systems.

The full set of excitation energies is depicted in Figure 2. It
clearly demonstrates that the inclusion of ECPs significantly
improves the quality of the embedding description when using
diffuse functions. Some of the excitation energies that should
be above S eV collapse with PE to unphysically low values if
diffuse basis functions allow the electrons to spill out into the
environment. This problem disappears if the ECPs are added.
Some states are still accurately described by the original PE
scheme even if diffuse functions are included, as evidenced by
the clustering of green points near the y = x line. In such cases,

including the ECPs has no negative impact on the quality of
the description.

Table 2 also shows the statistical measures for the deviations
of PE- and PE(ECP)-ADC(2) excitation energies from the
reference fullQM PNO-ADC(2) calculations in the test set.
For the TZ basis set, the deviations between the full-QM
reference and both the PE and the PE(ECP) results are
reasonably small with MAD of 0.1S5 and 0.14 eV, respectively.
After excluding the dispersion contribution (NoD-PNO-
ADC(2) results), the MADs reduce to 0.11 and 0.10 eV.
However, with the aTZ basis, the PE-ADC(2) results have an
order of magnitude larger MAD of ~1.0 eV. The large negative
MSD has the same magnitude, indicating again that large red-
shifts are responsible for most of the errors in the excitation
energies. This dramatic failure is again due to ESO, which we
observe not only for nonlocal excitations (see Table 1) but also
for local zz* and na* excitations (NTOs are available in the
SI).

In contrast, PE(ECP)-ADC(2) performs equally well for
basis sets with and without diffuse functions. In combination
with the aTZ basis set, the MSD and MAD of PE(ECP)-
ADC(2) calculations are 0.13 and 0.14 eV, respectively. Not a
single example shows the huge red-shifts from ESO. On the
contrary, the MSD between the PE(ECP) and the uncorrected
PNO-ADC(2) results is positive, indicating that a significant
part of the remaining error is probably due to the missing
London dispersion contribution which in most cases lowers
the excitation energy. This conclusion is also corroborated by
the comparison between the PE(ECP)-ADC(2)/aTZ and the
corrected NoD-PNO-ADC(2)/aTZ results for which the MSD
is only 0.02 eV, i.e, there is no systematic red- or blue-shift.
The MAD and MAX of the PE(ECP)-ADC(2)/aTZ from the
NoD-PNO-ADC(2) results are, respectively, 0.07 and 0.37 eV.
The MAX is found for the lowest excitation in DMABN/
CB[7]. A test calculation revealed that if the PE(ECP)-
ADC(2) calculation is done with B3LYP/DZ LoProp-based
multipole moments and polarizabilities, the error decreases for
this excitation to 0.04 eV. A systematic study of the
performance of different parametrizations of the electrostatic
embedding will be the subject of forthcoming work.

Figure 3 visualizes the distribution of the results from the
QM/MM calculations versus the full QM reference values for
the standard TZ and the augmented aTZ basis sets. Both with
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Figure 2. Supermolecular TDHF excitation energies are compared to excitation energies computed with a conventional PE-TDHF (left) or a

PE(ECP)-TDHF (right) calculation.
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Figure 3. Comparison between (left) PE- and (right) PE(ECP)-ADC(2) QM/MM excitation energies with TZ and aTZ basis sets. The central
diagonal line indicates the perfect match between the QM/MM method and the reference NoD-PNO-ADC(2) calculation with the same basis set.

and without including ECPs at the MM sites, the correlation
factors, R?, between the full-QM and QM/MM results at the
ADC(2) levels are with the TZ basis 0.99. When including
diffuse basis functions, only the PE(ECP) scheme provides
physically meaningful results with a correlation coefhicient of
R* = 0.99. Due to the high number of cases with severe ESO,
the results for the PE scheme without ECPs show essentially
no correlation (R* = —0.17) with the full-QM reference values.
In the PE calculations without ECPs, the lack of Pauli
repulsion causes ESO at least for half of the cases that were
considered in this study.

A comparison between aTZ and TZ results in Figure 3
shows that the full QM PNO-ADC(2)/TZ excitation energies
are blue-shifted (on average 0.15 eV) relative to those for the
aTZ basis. Typically, the higher the excitation energies are, the
more important are the diffuse functions to obtain accurate
results and the correct physical character of the excited state.
Therefore, the possibility of using extended basis sets in QM/
MM calculations is of utmost importance, which requires
methods that are unaffected by ESO.

In conclusion, our benchmark study on the excitation
energies of several chromophores in different realistic
molecular environments reveals that ESO is an important
and common pitfall in QM/MM calculations on electronic
excitations with basis sets that contain diffuse functions even if
the QM subsystem has no bonded interactions into the MM
region. The PE(ECP) model with the above-described simple
ECPs provides a solution to this problem that is transferable
and easy to implement and can be combined with most MM
force fields without the need to adapt the parametrization of
the electrostatic potential. It is also compatible with the ECPs
of the pseudobond approach®”**~® and the multicentered
valence-electron ECPs that have been introduced by Slavicek
and Martinez*® to treat covalent bonds at the QM/MM
boundary. The PE(ECP) model gives a consistently robust
performance, even when using diffuse basis functions. At the
TDHE level, it provides results with a MAD of less than 0.1 eV
from full QM calculations. After excluding the dispersion
contribution from the full QM PNO-ADC(2) reference values,
also the MAD of the PE(ECP)-ADC(2)/aTZ calculations is
for the current test set as small as 0.07 eV, which shows that
PE(ECP) parametrization is well-suited for this kind of QM/
MM calculations. At this point, the most important remaining

error in the current PE(ECP) scheme is, for vertical excitation
energies, the missing effect of the dispersion interaction with
the environment on the electronic wave function of the QM
subsystem. Further tuning of the ECPs, in particular, to fit
them for specific MM subsystems seems at this point, at least
for vertical excitation energies, not to be necessary. This makes
polarizable QM/MM calculations with ECPs a readily
accessible, reliable, and cost-effective solution to the electron
spill-out problem in excited-state QM/MM calculations. The
PE(ECP) approach can easily be integrated into existing codes
also for other electronic structures methods like DFT and
TDDFT and extended for the calculation of ground- and
excited-state molecular gradients””*® with no or minor changes
to the programs when the required integrals are already
available in many program packages.
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