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ABSTRACT: An implementation of a QM/MM embedding in a polarizable
environment is presented for second-order Moller—Plesset perturbation theory, MP2,
for ground state energies and molecular gradients and for the second-order Algebraic
Diagrammatic Construction, ADC(2), for excitation energies and excited state
molecular gradients. In this implementation of PE-MP2 and PE-ADC(2), the
polarizable embedded Hartree—Fock wave function is used as uncorrelated reference
state. The polarization-correlation cross terms for the ground and excited states are
included in this model via an approximate coupling density. A Lagrangian formulation is
used to derive the relaxed electron densities and molecular gradients. The resolution-of-
the-identity approximation speeds up the calculation of four-index electron repulsion
integrals in the molecular orbital basis. As a first application, the method is used to
study the photophysical properties of host—guest complexes where the accuracy and
weaknesses of the model are also critically examined. It is demonstrated that the ground

state geometries of the full quantum mechanical calculation for the supermolecule can be well reproduced. For excited state
geometries, the deviations from the supermolecular calculation are slightly larger, but still the environment effects are captured
qualitatively correctly, and energy gaps between the ground and excited states are obtained with sufficient accuracy.

B INTRODUCTION

Most photochemistry happens in solution, on surfaces, or in
biomolecular matrices where the inhomogeneous structure of
the molecular environment can disturb the electronic and
molecular structure of the chromophore and thereby have non-
negligible effects on various molecular properties." This leads
to a demand for multiscale methods that can be applied to
systems with many atoms but only treat an active site, which
has much fewer atoms, with high accuracy, so that the
computational costs are still manageable. Often specific
interactions between the system of interest and the environ-
ment are significant and require that the atomistic structure of
the environment is explicitly taken into account. For these
systems, an efficient way to include the effects of a complex
molecular environment in a quantum chemical calculation is to
use QM/MM methods,”* which describe the environment at
an atomistic level using classical mechanics and electrostatics.

In the QM/MM approach, the energy of the total system
can be divided into the energies of the QM and the MM
subsystems and an interaction term, EQUMM _ pQMy pMM
EX@MM - The interaction between the QM and MM
subsystems is often approximated by mechanical contributions
(which do not affect the electrons) plus an electrostatic
interaction between the electronic density of the QM
subsystem with a set of point charges and also static multipole
moments (dipoles, quadrupoles, etc.). In such an electrostatic
multipole embedding, the MM subsystem shows no direct
response to the changes in the electronic density of the QM
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subsystem that happen at the time scale of electronic
excitations. It can only respond indirectly through changes in
the structure, which happen at much slower time scales.
Therefore, a polarizable embedding is important for a realistic
description of environment effects on electronic excitation
processes.”

The QM/MM approach has been used for a long time with
several QM methods for ground state energies and structures
where (nonpolarizable) electrostatic multipole interactions are
often sufficient. But when it comes to electronic excitations
and excited state structures for which the inclusion of the
polarizability of the environments is essential, the QM/MM
approach has only rarely been used with wave-function-based
methods that go beyond the time-dependent density functional
theory (TDDFT).

In recent years, the QM/MM polarizable embedding
method has been developed to describe different excited
state properties™ in combination with TDDFT’ and coupled
cluster wave functions® ' as well as multireference meth-
ods.'"'* Implementations for analytic molecular gradients for
polarizable MM embeddings have been reported for ground
state structures at the DET'>'* and MP2" levels and for
excited states at the TDDFT level.'*'”

The correct description of charge-transfer states with
TDDFT is already problematic in the gas phase. If the
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quantum system is placed in a polarizable environment even
functionals that were designed for electronic excitations like
CAM-B3LYP'® can fail for systems with charge transfer
states.'” Since wave-function-based methods do not suffer from
this problem, the second-order methods CC2*° and ADC(2)*'
are often the methods of choice for medium-sized quantum
systems where they have only moderately higher computa-
tional cost.”>~** For the calculation of molecular gradients for
excited-state potential energy surfaces, ADC(2) is of particular
interest as for this method the computational costs for the
gradients are up to a factor of 4 lower than those for CC2,
while the accuracy of the resultlng structures is almost the
same for both methods.”®> Furthermore, ADC(2) has a
Hermitian secular matrix, which provides, in contrast to
CC2, a physically correct description of the potential energy
surface in the vicinity of conical intersection.””*°

In the current contribution, we report for PE-ADC(2) the
first implementation of analytic excited state gradients for a
correlated wave-function-based method in an atomistic polar-
izable embedding. Applications of the PE-ADC(2) gradients
are presented for host—guest systems where supermolecular
reference calculations are still possible so that they can be used
to evaluate and discuss the strengths and also weaknesses of

the approach.

B THEORY

Polarizable Embedded Hartree—Fock. For the sake of
briefness, we will only recapitulate the essential equations for
the theory of the polarizable embedding.”” For a more detailed
discussion of the physical background of polarizable embed-
dings and the definition and implementation of linear response
theory in a polarizable embedding, we refer the reader to a
recent review by List et al.”” We start with the free energy
expression of the polarizable embedded Hartree—Fock (PE-
HF) model:

PE—HF
G

= (HFAY™ + G™HF)

1 ne elec
-3 D (B + Fe<(DMF))
uv

RW(F:e + Fvelec(DHF)) + Ene (1)

In this equation, H is the vacuum-like Hamiltonian for the
QM system. The interaction of the QM electrons with the
static multipole moments of the MM system are taken into
account through the one-electron operator:

ZQ“Z €paEog

@)
where Q° and &, are, respectively, the static (permanent)
multipole moments and the multipole interaction integrals.
The index u runs here over all multipole components at all
MM sites. Finally, E,, is the second quantization singlet
replacement operator.” Here and in the following, the indices
P, 4, 1, and s are used for general molecular orbitals. R, is the
response matrix with the indices u and v running in general
over all components of induced multipole moments at
polarizable MM sites. In the current work, we only include
distributed dipole—dipole polarizabilities. F;° are then the
components of the electric fields at the polarizable MM sites
due to the nuclei in the QM subsystem and the static
multipoles of all other MM sites, and F2*(D) are the
contributions due to electron density D. For further details,

q
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we refer to ref 7. The last term in eq 1 contains the
nonelectronic contributions to the free energy:

Ene — EMM

Enuc—es +

+ E), (3)

where E™“* is the electrostatic interaction of the QM nuclei
with the MM sites, and E™M is the internal energy of the MM
system. To account for the London dispersion interaction and
the short-range repulsion, we include a Lennard-Jones 6-12
term (EY,,) between the atoms in the QM and the atoms in

the MM subsystem,
12 6
_ 2 rsm
- RI R,, — R/
(4)

s=1 meQM
The pair interaction parameters r,,, and €™ are derived from
atomic parameters using the Lorentz—Berthelot combination
= %(rS + 1) and €™ = e'e" where r, and € are,
respectively, atomic radii and well depths.
The minimization of the free energy for the polarizable

embedded Hartree—Fock model, QPE-HF, with respect to
variations of the orbitals leads to the condition

E6 2=

rules r,,

~ pol, HF

(HEAY + 6" + ¢, £, IIHE) = 0

©)
where we introduced the antisymmetrized operators E;q =
E,,— E,,- The polarization contribution to the reaction field
potential is given by

_ Z (Fne FeleC(DHF))RW z quq
Z deHF Z pq pq
(6)

Since within the PE model the interaction with the
environment only affects the electrostatic potential experienced
by the electrons and the nonelectronic contributions, its
formulation and implementation for Kohn—Sham density
functional theory (DFT) are analogous to the above equations.
Working expression for analytic nuclear gradients at the PE-
DFT and PE-HF level have been reported by List et al. in ref
13 and for conciseness will not be repeated here. As a part of
the current work, we have implemented the gradients for PE-
HF and PE-DFT in the HF and DFT gradient programs grad
and rdgrad of a development version of the TURBOMOLE
package.” The self-consistently optimized PE-HF determinant
is used as reference wave function for the correlation treatment
at the PE-MP2 and the calculation of excitation energies at the
PE-ADC(2) level in accordance with the recent implementa-
tion of PERI-CC2 for exc1tat10n energies and one- and two-
photon transition moments.”

Polarizable Embedded Second-Order Mgller—Plesset
Perturbation Theory. The reaction field scheme that has
been used in previous work on PERI-CC2 reduces at the level
of MP2, that is, when the CC2 cluster amplitudes are replaced
by those from first-order perturbation theory, to a scheme that
in the literature is known®' as perturbation on the energy
(PTE). The PTE scheme is also the reaction field scheme that
is most consistent with second-order Moller—Plesset perturba-
tion theory.”” Within this scheme, the PE-MP2 correlation
energy is calculated fully analogously to the vacuum case just
using the molecular orbitals and the Fock operator

~ pol, HF
G
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FPE g oFF @)
from a PE-HF calculation where G'F = G* + GP"F, The
working expressions for the PE-MP2 molecular gradients can
be obtained by diﬂerentiating the orbital relaxed Lagrangian:

M2 R 4 60+ (v, 1Y HE)
+ EOET, 7 + WwHE)
+ (HEA™ + ¢, #IIHE)

1
-2 2 (B + EDT)
uv

RW(Fne + Pelec(DHF)) + Ere (8)

t(l)rﬂz is the double excitation

Ha"Ho
operator built from the first-order amplitudes, t( ), with u,

In the above equation, Tgl) =

running over all double replacements and @&Vl = ZMZ_/%)QA is
the first-order wave function correction built from the first-
order Lagrange multipliers. W denotes the fluctuation
potential operator and X is an operator that contains the
orbital rotation Lagrange multipliers:

Zqﬂpq

The values of the orbital-rotation Lagrange multipliers k,,; a
determined by the CPHF (also known as Z-vector) equatlons,
which are obtained by requiring L**™" to be stationary with
respect to orbital variations:

Y (HEIE™, B

)

]J ]lHF> + qu rs)Krs - nK,MPZ

(10)
The right-hand-side vector 17, is given by

A(l)

pM = (HEIE™ + W, B+ (WY, E,), 1, IHE)

Pq
_ APE a—_ (1) A QM
+ (EOET B T 1+ W

APE
dF APE  A— (1)
[ i)

KP‘]

£, 1IHF)

+ (ED) IHF)

(11)

and, thus, includes environment contributions only via FPE and
the orbitals. The CPHF matrix A, for the PE model is
defined as

Al

- = (HRI[W

+ Z (HFI[&"

E,], E, IIHE)

E, JIHF)R,(HFI[&", E, |IHF)

(12)
After solving the CPHF eqs 10, the effective one-electron
density for MP2 can be calculated as in the vacuum case:****
1
T IHE) + (qu

Deff — DHF + <t2(1)|

Pa + &)

P‘J’ (13)

For the derivation of the expressions for the PE-MP2
gradients, we split the PE-MP2 Lagrangian into LPEMP2
IMP2QM 4 ATPE wwhere LMP2M contains the vacuum-like
contributions and AL® the explicit PE terms, which are not

present in the vacuum case:
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ALE = (HFIG® IHF) + EOE™, 1Y HE)

+ (HFI[G™, #]IHF)
- = X+ ES0)

R, (B + EM<(D") + B

(14)

1
=5 2 (B + 2E(DT) — F(D") - (15)

uv

R (Fne +Felec(DHF))

z QES u Ene

rq u

+

The explicit embedding contributions to the gradients for the
QM atoms are computed as

ZDeff Z QHF

x 2 (Qf -

deY
dx

dALPE

Z D}
z Qeff de,,

HF)

(16)
eff

The multipole moments Q" are the sum of the static and the
induced moments computed from the MP2 density D*¥ and
Q' are the respective Hartree—Fock counterparts. €%, is the
sum of the multipole-charge interaction tensors for the
interaction with the nuclei, contracted with the nuclear
charges.

The PE-MP2 model has been implemented for energies and
molecular gradients in the ricc2 program of a development
version of the TURBOMOLE package.”” The MPI-parallel
implementation of the MP2 energy and gradients for the
vacuum case have been described in ref 34. The contributions
from LM to the molecular gradients are evaluated as
described in the latter reference. We stress that our
implementation of PE-MP2 uses, as the vacuum implementa-
tion, the resolution-of-the-identity (RI) approximation for the
electron repulsion integrals and is parallelized with OpenMP
and MPI, which makes it applicable to relatively large
molecular systems.

PE-ADC(2) for Excited States Energy and Gradients.
Although the underlying physical background of ADC(2) and
CC2 are different, the kernel of the following discussion lies in
the mathematical similarity between these methods, which
facilitates easy development and implementation of the
equations for PE-ADC(2) excitation energies and gradients
as a 51mpl1ﬁcat1on of PE-CC2.” In the framework of response
theory,” excitation energies are obtained for nonvariational
methods like CC2 as eigenvalues of the Jacobi matrix A:

A-o'DE =0 (17)
The CC2 Jacobian includes terms that only contribute in third
or higher order to the excitation energies. These terms can be
excluded by replacing in the CC2 Jacobian, A““*(T,,T,), the
ground state cluster amplitudes by those from first-order
Moller—Plesset perturbation theory (MP1). This substitution
leads to the CIS(D,,) model® for excitation energies. If the
Jacobian is in addition symmetrized, one arrives at the ADC(2)
secular matrix:*>
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1
AADC(z) — E(ACCZ(O, TéMPl)) + ACCZ(O, TZ(MPI))T)

(18)

The PE-ADC(2) secular matrix can be obtained in the same
way from the PERI-CC2 Jacobian,’

~PE 2 QM 24 s QM
WllF"+WwW  +G (ulw —, 7, IHF)

2 QM 2V
APECO | (W, B, 5] + G HF)
()
2 QM APE
W, 7, 1IHF) (W[E, 7, IHF)

(19)
In the last equation, we used T'-transformed operators defined
as 0 = exp(— T,)0 exp(T,) and the derivative of the
correlatlon contribution to the reaction field operator
proposed in ref 9 as

¢S
<X,

For PE-CC2, the operator G2 is computed only from the
density contribution that originates from the singles cluster
amplitudes and singles (ground state) Lagrange multipliers:”

2 F“(D)R,, Z EpqEpg Z ”uA Z S;qﬁpq

I
(21)

«(HF + HI[E,,, 7,,]IHF)R,,

(20)

with

Dy = (HF + fle™" E, e"IHF) — (HFIE, JHF) (22)
The secular matrix for PE-ADC(2) can be obtained from the
PE-CC2 Jacobian in the same way as the vacaum ADC(2)
secular matrix from the vacaum CC2 Jacobian. For an easier
discussion, we split the PE-ADC(2) secular matrix into a
vacuum-like and an embedding contribution, APEAPC?) =
ANPCDQIL  AADC)PE Regarding the above approximation
for the reaction field, the polarizable embedding contributes
only to the singles—singles and the doubles—doubles blocks:

ADC(2),PE ~HF AV,
ARDCDPE = (G, 7,1 + GHE) 23)
A’fyf(z) ,PE = (u, |[G , Tuz]lHF> (24)

Note that for ADC(2) the density contribution D* vanishes
since the ground state singles amplitudes and Lagrange
multipliers vanish. G"F is included through the Fock matrix
FPE. Its contributions are already present 1n the PTE reaction
field scheme. The excitonic coupling term 7 that arises from
el originates from the derivative of G® with respect to t,,
compare eq 20, which are nonvanishing. Its contribution to the
linear transformations with the secular matrix during the
iterative solution of the ei§envalue equations is implemented
via two auxiliary densities:

D'=) —

91

oD*

0t (25)

With these densities, the contributions from G" to the
contractions of the CC2 Jacobian or the ADC(2) secular
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matrix with a vector from the right or the left can be evaluated
as

Y (u |G IHE)E] = (u,|G(D")IHF)
(26)

D Ef (u|G"IHF) = (HFI[G(D), 7, |IHF)

Hy (27)

Considering that in ADC(2) theory the correlation effects are
included up to second-order in the fluctuation potential, using
the first-order Moller—Plesset ground state wave function
parameters, the canonical choice®” for defining excited state
total energies is to augment the excitation energies with the
ground state energy from second-order Moller—Plesset
perturbation theory. We use the corresponding approach for
PE-ADC(2) and define the total energies of excited states as
the sum of the PE-MP2 ground state and the PE-ADC(2)
excitation energies. This leads to the following Lagrange
function for the total energy of an excited state f:

PE-ADCQ2)f _

(HFIF AT T IHEF)

f 4 PE-ADC(2) 1 f
+ Z ZE"‘.'A”{”} E”}'

b=l

+a)f1—22EfEf

i=1 pu

+Z%%ﬁ
Hy

M

7,1 + wHE)

+ (HEA® + ¢, #IHF)

1
_ E Z (F:Ae + FsleC(DHF))

RW(F:e + F:lec(DHF)) + Ere (28)

The first term represents the vacuum-like contributions to the
PE-MP2 ground state energy plus the interaction of the
electron with the static moments at the Hartree—Fock level.
The PE-ADC(2) excitation energies are accounted for by the
second term where the right and left eigenvectors (F) are
identical since the PE-ADC(2) secular matrix is Hermitian.
The third term implements the orthonormality condition for
the eigenvectors, and the fourth and fifth terms account for the
MP1 amplitude and the Hartree—Fock equations, similar to
that in the PE-MP2 Lagrangian. Finally, the last two terms
account again for the Hartree—Fock polarization energy and
the nonelectronic energy contributions.

Requiring the above Lagrangian to be stationary with respect
to the variations of the doubles amplitudes leads to the
equations for the Lagrange multipliers ?;42:

JIPE-ADC()f

= (HFI[W
dt;fz

Qv
, Tﬂz]|HF>

+ ENW™, E,), 7, IHE) + (FIE™, 7, IIHF) = 0

(29)
As at the MP2 level, the Lagrange multiplier equations contain
only PTE-like embedding contributions, which are automati-

cally included by using the Fock matrix and the orbitals from a
PE-HF calculation. With canonical MOs, that is, if F‘EqE is
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diagonal, the above equations decouple and can be directly
inverted, which is important for the efficiency of the ADC(2)
implementation.”> The reaction field scheme with the
approximate coupling densities that we use here conserves
this important feature of ADC(2).

Requiring the excited state Lagrangian to be stationary with
respect to orbital variations gives the CPHF equations that

determine the Lagrange multipliers X,

Pq
Z((HFI[[APE E,], E,IIHE) + A%, K,
k,PE-ADC(2)
= Ty (30)

For easier discussion, we split the right-hand-side vector as
7 KPE-ADC(2) _ i,lKPTE -ADC(2) e 529l into a PTE part, ”KPTE -ADC(2)
which is computed as in the vacuum case but with the MOs
and the Fock matrix replaced by their PE counterparts, and the
polarization contributions that arise from the excitonic
coupling term:

*“ﬂzpwmﬁ+ﬁ%%@@

X (Dfp + Dit)] (31)

Once the CPHF equations are solved, the PE-ADC(2)
gradients can be calculated as

[ M ] z eff a0 [x]
dx =0
1 x effao x
3 2 s (aplys) - Z S

afyd

0 ] « , dAL™
+ 2 A (aplP) - Zypqmq)” —

apP
(32)

In the above equation, DEFfaO is the relaxed one-electron density
in the atomic orbital (AO) basis where diFa° and Foy® are,
respectively, the separable part of the two-electron density and
the effective Fock matrix in the AO basis. In eq 32, the fourth
and fifth terms originate from the RI approximation. For
detailed expressions of the auxiliary three- and two-index
densities and integrals, we refer to ref 33. The explicit PE
contributions have been collected in the last term, where

1
ALPE’f — _Z z (F:e + stlec(DEff) _ FueleC(DHF))
R, (E* + E*(D)) = 7 E(D)R,E(D")

+ Z Deff Z Ques(g;q + B
rq

(33)

Differentiation of the PE contribution with respect to a nuclear

coordinate x leads to
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dAcijEf _z efszHF +ZDHF
g

% Z (Q:ff 1, Z Qeffd€

d
HF)

P4

de!

+ Z ng z Q:ﬂ
rq u d

The last two terms arise from the excitonic coupling
contribution, which goes beyond the PTE approximation. In
these terms, Q5 and Q! are the induced multipole moments
calculated with, respectively, the densities D* and D" without
including nonelectronic terms (compare eq 21). For ADC(2),
these two terms are equivalent so that only one of them needs
to be evaluated if it is multiplied by a factor of 2. The first four
terms have the same form as for PE-MP2 but are now
calculated with the effective density for PE-ADC(2).

The PE-ADC(2) model has been implemented for
excitation energies and excited state orbital-relaxed first-order
properties and molecular gradients in the development version
of the ricc2 program of the TURBOMOLE package.””**

(34)

B FIRST APPLICATIONS TO SUPRAMOLECULAR
CHEMISTRY

To demonstrate the performance of the PE-ADC(2) model for
excited state potential energy surfaces, we have selected two
test cases from supramolecular chemistry where it was still
possible to do full supermolecular reference calculations. The
two test cases are the host—guest complexes of 4-
(dimethylamino)benzonitrile, DMABN, and 2,3-diazabicyclo-
[2.2.2]oct-2-ene, DBO (see Figure 1), inside cucurbit[7]uril,

— CH,
== gy
— A f,.rN
IR E‘Hﬁ N
a) DMABN b) DBO

Figure 1. Lewis structures of the guest molecules.

CB[7], as the host molecule, which have interesting photo-
physical properties.””~*' The DMABN molecule is a prototype
case for a solvent-dependent dual fluorescence that results
from emissions from two different electronically excited states:
one with a locally excited (LE) character and the other one
with an intramolecular charge transfer (ICT) character. The
simplicity of its molecular structure as a typical push—pull
chromophore made it a subject for many theoretical and
experimental studies over the last decades.”* *® Recently, the
UV-vis and fluorescence emission spectra of a DMABN-CB[7]
complex in aqueous solution have been studied. They show
one absorption and two emission peaks. *' In contrast to
DMABN, DBO has a long but also solvent dependent
fluorescence lifetime (up to 1 ps).”” DBO has been used as
a fluorescent probe to measure the polarizability of the inner
cavity of CB[7], which is different from solvents."’

In addition to the above-mentioned photophysical proper-
ties, these host—guest systems have some other helpful
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Table 1. Representative Intramolecular Geometrical Parameters of DMABN in the Ground and the S,(LE) Excited States from
PE-MP2 and PE-ADC(2) in Comparison with the Results from Supermolecular (SM) and Vacuum (vac) Calculations”

ground state

locally excited state

Internal coord.

SM PE vacuum SM PE vacuum
Selected Torsion Angles (deg)
Cy—N,—Ce—Co 20.5 20.0 162 282 154 203
Selected Bond Lengths (pm)
C;—-C, 141.3 140.8 141.0 140.4 141.0 142.2
C;—Cy, 141.2 140.7 141.0 144.8 144.4 142.0
C,—Cs 140.1 139.8 139.8 142.5 141.3 145.2
Co—Cy, 139.9 139.3 139.8 1477 146.0 144.9
C;—Cq 141.6 142.0 142.1 143.3 144.7 142.0
Cs—Cyo 142.4 141.6 142.1 139.1 140.7 142.5
Cs—N, 138.6 140.2 139.2 143.6 138.9 140.0
Selected Out-of-Plane Angles (deg)
C—Cp—Cy—H 1.0 0.0 02 ~13.1 -10.1 -07
Cs—C—Nyp—C, 02 —02 -03 -12 -12 0.1
Selected Bond Angles (deg)
Cs—N,—C, 115.0 113.4 116.0 116.3 114.9 115.8
C,—C53—Cq 175.8 178.8 179.9 167.6 170.4 179.9
N,—C4—C; 178.4 178.6 178.2 170.7 172.4 179.9
Intersubsystem Coordinates
COM displacement (pm) 11 35
tilting (deg) 2.3 1.0

“The tilting angle is calculated as the angle between the normal vectors of the planes that include the positions of the carbon atoms Cs, Cg, and C

(compare Figure 1).

properties for testing the performance of PE-MP2 and PE-
ADC(2) for potential energy surfaces: the host system has only
one structural isomer with a relatively rigid structure. Thus, the
implemented gradients for PE-MP2 and PE-ADC(2) can be
used to optimize the geometries of the guest molecules while
keeping the geometry of the host molecule frozen. This
excludes evaluation of the results uncertainties from the force
field parametrization for the host structure and the effect of
temperature fluctuations, which are beyond the scope of the
current work. We should emphasize that in other applications
these effects may play an important role.

Computational Details: Full Supermolecular Calcu-
lations. In the supermolecular MP2 geometry optimization,*
the structure of the whole DMABN-CB[7] complex was fully
optimized. These calculations are done with the cc-pVDZ basis
set*® and the corresponding optimized auxiliary basis set.*’ In
the correlated calculations, the frozen core approximation was
used for all electrons in 1s orbitals of non-hydrogen atoms.
These calculations were carried out with the OMP/MPI
parallel RI-MP2 program®* of the TURBOMOLE package,””**
version 7.2, on 8 computer nodes, each with two Intel Xeon
ES-2670 CPUs (in total 16 cores) and 64 GB RAM. Under
these conditions, one cycle of the MP2 geometry optimization
takes about 113 min wall time. Then the full supermolecular
QM geometry optimizations for the excited state with local
excitation (LE) character of the DMABN-CB[7] complex at
the ADC(2)/cc-pVDZ level were done with the OMP/MPI-
parallel version of the ricc2 module of TURBOMOLE on 3
nodes, each with two Intel Xeon E5-2640 CPUs with totally 20
cores and 256 GB memory. These calculations took
approximately 10 h per cycle of the geometry optimization.
The starting structure for the supermolecular ADC(2)
geometry optimization was constructed by positioning the
gas phase S;(LE) structure of DMABN optimized at the
ADC(2)/cc-pVDZ level at the center of the CB[7] cavity. The
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supermolecular ADC(2) geometry optimization required from
this starting structure more than 70 steps to converge to a
geometry with a Cartesian gradient norm of 0.00018 and with
the changes of the total energy smaller than 107 au.

Computational Details: PE-QM Calculations. For the PE
calculations, one needs in addition to the coordinates for QM
and MM systems static distributed multipole moments and
dipole—dipole polarizabilities for the MM system and, for
geometry optimizations, also Lennard-Jones parameters for the
interaction between the MM and the QM atoms. For our
calculations, we used the atomic charges and dipole and
quadrupole moments from an intrinsic atomic orbital’® (IAO)
analysis of the electron density from a DFT/B3LYP-D3(bj)
calculation®~>* on the host structure in the cc-pVDZ basis set
for the corresponding host geometry of each PE calculation,
vide infra. The isotropic polarizabilities were determined as
proposed in ref 54, and the anisotropic dipole polarizabilities
are set to zero. Finally, the Lennard-Jones parameters for the
atoms of the host molecule were taken from ref 55, and the
parameters of the guest molecules, DMABN and DBO, were
taken from refs 56 and 57, respectively, if an atom type was not
defined in ref 55.

Also the PE-MP2 and PE-ADC(2) calculations used the RI
and the frozen core approximations. All electrons in the 1s
orbitals of non-hydrogen atoms were excluded from the MP2
and ADC(2) calculations. Again, the cc-pVDZ orbital and
auxiliary basis sets were used for the geometry optimizations to
allow a direct comparison with the supermolecular calculations.
A typical PE-MP2 step for one cycle of the geometry
optimization of the DMABN-CB[7] complex was finished on
one node with Intel Xeon X5670 CPUs (in total 12 cores with
42 GB RAM) after 24 s, and the calculation on the excited
state with PE-ADC(2) took 113 s on the same machine. The
vacuum MP2/cc-pVDZ and ADC(2)/cc-pVDZ calculations
for the DMABN molecule took 18 and 108 s, respectively, on
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the same machine. Therefore, one can conclude that the
computational cost of PE-ADC(2) and PE-MP2 calculations
are close to the computational cost of vacuum calculations
where the environmental effects are completely neglected.
Geometry Optimizations with PE-MP2 and PE-
ADC(2). To study the error in the geometries that is
introduced by describing the host—guest interaction within
the PE approximations, we started for the DMABN molecule
from the structures obtained in the full supermolecular MP2
and ADC(2) calculations, kept the coordinates for the CB[7]
host frozen, and reoptimized the coordinates of the guest with
PE-MP2 and PE-ADC(2). To check if the host molecule has a
significant impact on the intramolecular geometry of DMABN,
we compare in addition with results from vacuum MP2 and
ADC(2) calculations. The results are summarized in Table 1.
A comparison between the optimized ground state geometries
from PE-MP2 and supermolecular MP2 is shown in Figure 2.

Figure 2. Comparison of the intra- and inter-subsystem coordinates
from PE-MP2 and supermolecular MP2 for the ground state of
DMABN-CBJ[7]. (left) Supermolecular MP2 structure (atom colors)
superimposed on the PE-MP2 structure of DMABN (green). The
host molecule is not shown for clarity. (right) Supermolecular MP2
geometry (atom colors) for the complex superimposed on the
structure from PE-MP2 (green).

Both the intermolecular (between the host and guest
system) and the intramolecular coordinates of the guest
molecule (DMABN) are in good agreement. The mean
absolute deviations are 0.36 pm for the bond lengths and 0.26°
for the bond angles in the DMABN guest molecule, but in
general the influence of the host on the internal coordinates of
DMABN is small in the ground state. The DMABN center-of-
mass for the PE-MP2 ground state structure is shifted by 11
pm and the molecular plane is tilted by ~2°, comparing to the
supermolecular MP2 structure. Compared with the intermo-
lecular distances in the DMABN-CB[7] complex, this is a
relatively small displacement, as can be seen in Figure 2.

The host effects are stronger in the excited state. In Figure 3,
the fully optimized structure of DMABN-CB[7] for the S, (LE)
minimum at the ADC(2)/cc-pVDZ level is compared with the
structure obtained with PE-ADC(2)/cc-pVDZ with a frozen
host structure. In vacuum, the benzene ring in the S;(LE)
minimum exhibits a prominent antiquinoidal distortion. The
interaction with the CB[7] host leads to a rotation of the
nodes in the virtual natural transition orbital (NTO) shown in
Table 2. As a consequence, the benzene ring shows a markedly
different bond length distortion: the C;—C,;, C;,—C,;, and
Cs—C¢ bonds are 1—3 pm longer and the C;—C,, C,—Cs, and
C4—C,; bonds are 1—4 pm shorter than those in the vacuum
structure. This distortion is qualitatively correct in the PE-
ADC(2) calculation, although not quantitatively reproduced.
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Figure 3. Comparison of the intra- and inter-subsystem coordinates
from PE-ADC(2) and supermolecular ADC(2) for the S;(LE)
minimum of DMABN-CB[7]. (left) Supermolecular ADC(2)
structure (atom colors) superimposed on the PE-ADC(2) structure
of DMABN (green). The host molecule is not shown for clarity.
(right) Supermolecular MP2 geometry (atom colors) for the complex
superimposed on the structure from PE-MP2 (green).

Also the changes in the bending angles of the —CN and
—N(CHj;), functional groups, the C,—C;—C4 and N,—C;—C;
angles, respectively, are qualitatively reproduced by the PE-
ADC(2) model (see Table 1). The mean absolute deviation in
the intramolecular bond lengths at 0.75 pm is about a factor of
2 larger than that in the ground state. Also the shift of the
center of mass of DMABN between the supermolecular and
the PE calculation for the S;(LE) minimum is two times larger
than that for the ground state. But these deviations are still
small considering that the Lennard-Jones parameters have not
been optimized for the PE-MP2 and PE-ADC(2) calculations.
The main reason for the larger errors in the S;(LE) state is
probably that the binding energy is significantly higher than in
the ground state. The supermolecular calculation gives a
binding energy of 143 kJ-mol™" for the ground state at the
MP2/cc-pVDZ level and 200 kJ-mol™" for the S,(LE) state at
the ADC(2)/cc-pVDZ level (in both cases not counterpoise
corrected). One should also be aware that the supermolecular
calculation has a larger basis set superposition error for the
excited state than for the ground state because the populated
virtual NTO is more diffuse than the depopulated occupied
NTO. The PE-MP2 and PE-ADC(2) calculations, however, do
not suffer from basis set superposition errors for the host—
guest interaction.

Based on the reported timings, it is clear that pursuing
supermolecular MP2 or ADC(2) calculations for systems
larger than the studied complexes, for example, a chromophore
bound to a protein, is not feasible.

Complexation Effect on the Fluorescence Energies.
To investigate the effect of the supramolecular complexation
on fluorescence energies, we studied two examples, DMABN-
CB[7] and DBO-CB[7], and applied a slightly cheaper
computational protocol than in the previous section. The
structure of the CB[7] host was kept fixed in the MP2/cc-
pVDZ ground state geometry for both complexes, while the
coordinates of the DMABN and DBO guest molecules were
optimized at the PE-ADC(2)/cc-pVDZ level.

For DMABN, we calculated the fluorescence emission
energies out of the two minima of the lowest excited singlet
state, S;(LE) and S;(ICT). The fluorescence energies of the
LE and the twisted ICT states of DMABN-CB[7] complex
have been measured experimentally in aqueous solutions.”'
The experimental fluorescence energy for the LE state is 3.50
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Table 2. Character of Lowest Electronic Excitation and Its Molecular Environment, Occupied (occ) and Virtual (vir) Natural
Transition Orbitals, and Relative Contribution of the NTO Pair in the Excitations”

occe. vir. Contrib.
LE 92.7%
Vacuui
LE —
95.5%
CBT 5.5%
LE
98.0%
SM 8.0%
1oF + 99.8%
vacuuin et
ICT i o
99.6%
CBT7 %

“The isosurface values for the visualization were set to +0.0S for all NTOs.

eV, which is in a very good agreement with the PE-ADC(2)
result of 3.68 eV. The PE-ADC(2) result for the fluorescence
energy of 2.05 eV for the twisted ICT state is 0.45 eV below
the band maximum in the experimental fluorescence spectrum
at 2.5 eV. This is in line with the CC2 results for the vacuum
case from ref 44, which also is ~0.3—0.7 eV below the
experimental band maxima in nonpolar solvents.

As another example we studied the nz* transition of DBO in
the supramolecular complex with CB[7]. For this case, we also
investigated the basis set dependence of the vertical excitation
and fluorescence energy with different basis sets, see Table 3.
The vertical excitation and fluorescence energies show a stable
convergence for the cc-pVXZ (X=D, T, Q) basis sets, but they
both collapse when diffuse functions are added as in the aug-
cc-pVDZ basis. This issue is known in the literature as the
charge penetration error or electrostatic catastrophe and occurs
when the electron density of the QM region leaks significantly
out into the MM region.w’sg’59

The natural transition orbitals for the DBO-CB[7] complex
calculated at the PE-ADC/aug-cc-pVDZ level of theory with
different embedding potentials are shown in Table 4. In the
vacuum case, the lowest electronic excitation has nz*
character, and the vertical excitation energy is 3.47 eV, which
is in good agreement with the experimental band maximum
Amax Of the UV-vis spectrum at 3.31 eV.*’ For the cc-pVTZ and
cc-pVQZ basis sets also the vacuum to CB[7] shift in the
vertical excitation and fluorescence emission energies fit with,
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Table 3. Vertical Excitation (VEE) and Fluorescence
Emission Energies (FEE) of DBO-CB[7] Calculated at
(ECP)/PE-ADC(2) with Different Basis Sets”

inside CB[7]

gas phase inside CB[7] (ECP)

basis VEE FEE VEE FEE VEE FEE
cc-pVDZ 3.54 2.72 3.55 2.74 3.55 2.74
cc-pVTZ 3.46 2.65 3.47 2.67 3.47 2.67
cc-pVQZ 3.43 2.62 3.44 2.65 3.44 2.65
aug-cc-pVDZ 3.47 2.65 0.64 0.20 3.48 2.67
d-aug-cc-pVDZ 3.47 2.64 n.c. n.c. 3.48 2.67
exptl” 331 279 332 282 332 282

“All VEEs and FEEs are calculated at PE-MP2/cc-pVDZ and PE-
ADC(2)/cc-pVDZ optimized geometries. See the text for further
details. “Measured in an aqueous solution, ref 40.

respectively, —0.01 and +0.03 eV to the experimental results
reported in ref 40.

However, in the PE-ADC(2) calculations with the aug-cc-
pVDZ basis set, the excitation and fluorescence energies
collapse to unphysical low values. The virtual natural transition
orbital shown in Table 4 is in this case an orbital that is
localized in the host structure and only accessible for the
excitation process because the embedding potential does not
account for the Pauli repulsion by the hosts electrons. We have
analyzed this problem in more detail to identify to which
components of the electrostatic embedding (static charges,
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Table 4. Environment Potential Used in the Calculation, Vertical Excitation Energies (VEE, given in eV) Calculated at PE-
ADC(2)/aug-cc-pVDZ Level, Occupied (occ) and Virtual (vir) Natural Transition Orbitals, and Their Contributions to the

Eigenvector
Potential VEE occe. vir. Contrib.
vacuum 3.47 . * . 99.8%
charges
dipiales 0.64 99.4%
quadrupoles
polarizability
charges
dipoles 3.55 99.7%
polarizability
quadrupoles 0.85 99.9%

dipoles, quadrupoles or induced dipoles, that is, polar-
izabilities) the excitation energies are most sensitive. It turned
out that in this case the vertical excitation energy collapses only
when the static quadrupoles are included in the embedding
potential (see Table 4). The expected nz™* transition is
recovered if we exclude quadrupoles from the embedding
potential. The importance of the quadrupole moments for
accurate embedding potentials has been discussed before in the
context of various electrostatic models.”’"** In agreement with
earlier observations, the exclusion of the quadrupoles has a
significant effect on the excitation energies. Excluding
quadruples in DBO-CB[7] shifts up the S, vertical excitation
energy by 0.1 eV. To address this problem appropriately a
robust embedding method must account somehow for the
Pauli repulsion interaction. In this regard, we carried out pilot
calculations where we added effective core potentials (ECP) to
each non-hydrogen MM site to mimic at least partially the
Pauli repulsion. In this test, we used the full PE potential
(partial charges, dipoles, quadrupoles, and dipole polar-
izabilities) and, because pseudopotentials optimized for this
purpose are not yet available, relativistic 2 electron SEFIT
ECPs"* for the MM subsystem. The results for VEEs and FEEs
are presented in Table 3. With adding the nonelectrostatic
contributions of the pseudopotentials, the charge leaking issue
can be avoided and the VEE and FEE can be calculated with
the same accuracy for the diffuse basis sets as for the other
basis sets. Moreover the results of the ECP/PE embedding
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model are very close to those from the PE embedding model
without pseudopotentails for the basis sets without diffuse
functions, which indicates that there are no artificial effects
from the ECPs.

B CONCLUSION

Analytic molecular gradients have been implemented for
ground states at the PE-MP2 and for excited states at the
PE-ADC(2) level into the ricc?2 program of the develop-
ment version of the TURBOMOLE package.”® In this
implementation, the post-HF contributions to the reaction
field potential is included in the ADC(2) response calculations
via an approximate coupling density, which is calculated only
from the single excitation parts of the excited state
eigenvectors. This approach was used before successfully for
the coupled cluster model CC2 and has the advantage that it
conserves the high efficiency of the RI-CC2 or RI-ADC(2)
implementations.

The performance of the geometry optimizations with the
QM/MM PE-ADC(2) gradients has been validated by a
comparison to supermolecular MP2 and ADC(2) calculations
for the DMABN-CB[7] host—guest complex. The QM/MM
geometries can reproduce both the internal coordinates of the
QM subsystem and its position and orientation in its
environment reasonably provided that the interaction with
the environment is small enough so that the assumptions that

DOI: 10.1021/acs.jctc.8b00396
J. Chem. Theory Comput. 2018, 14, 4640—4650


http://dx.doi.org/10.1021/acs.jctc.8b00396
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jctc.8b00396&iName=master.img-005.jpg&w=321&h=345

Journal of Chemical Theory and Computation

underlie the QM/MM partitioning are valid. The use of basis
sets with diffuse functions is problematic, however, if the
embedding potential does not include any terms that model
the Pauli repulsion, as it is the case for the original PE model
that is used here. The diffuse functions enhance the charge
leaking problem and can lead to low lying unphysical QM to
MM charge transfer excitations, as demonstrated in the
example of the DBO-CB[7] complex. Preliminary calculations
show that pseudopotentials can be used as a remedy for the
latter problem, although to exploit the full potential of this
approach, the effective potentials should to be optimized for
hydrogens and also the valence electrons of the other atoms.
Research in this direction is continued in our lab. The
computational costs for PE-ADC(2) gradient calculations are
only marginally higher than that for a corresponding gas phase
calculation. Because of the low computational costs, PE-MP2
and PE-ADC(2) gradient calculations can be done many times
for medium-sized systems (e.g,, $SO atoms) and thus be used
to study the (short-time) dynamics after photoexcitation or to
calculate intrinsic reaction coordinate pathways for relaxation
processes at similar computational costs as for isolated systems.
If the accuracy of the QM/MM approximation is controlled
properly, this method can thus be used to study excited state
potential energy surfaces and the short time dynamics after
photoexcitation of medium size systems in complex molecular
environments.
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