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ABSTRACT: We present a combination of the polarizable embedding (PE) method with the resolution-of-the-identity
implementation of the approximate coupled-cluster singles and doubles method CC2. The new approach, termed PERI−CC2,
allows one to study excited state phenomena of large solvated molecular systems with an accurate correlated wave function
method. Central to the PE approach is the advanced description of the environmental electrostatic potential and inclusion of
polarization, and the quintessence of RI-CC2 is efficient access to excited state properties while retaining the accuracy associated
with CC theory. To maintain efficiency, an approximate truncated CC2 density is introduced to calculate the PE contributions.
Explicitly, we derive the central equations and outline an implementation of polarizable embedding for the RI-CC2 approach.
The new method is tested against previous PE−CC2 and PE−CCSD results for solvatochromic shifts, demonstrating how the
important effects of polarization are incorporated well with PERI−CC2 but with a dramatically reduced overall computational
cost. A follow-up investigation of the solvatochromic shift of uracil in aqueous solution further illustrates the potential of PERI−
CC2. We discuss the need to explicitly incorporate several water molecules into the region treated by quantum mechanics in
order to obtain a reliable and accurate description of the physical effects when specific solute/solvent interactions as, e.g.,
hydrogen-bonds are involved.

1. INTRODUCTION

Despite ongoing development of more efficient electronic
structure methods, the system size treatable by modern
approaches remains limited, a challenge that only increases
when general molecular properties in the condensed phase or
in biomolecular systems are investigated. The demand for high
accuracy calls for the application of post-Hartree−Fock
methods with their inherent larger computational cost. Recent
efficiency improvements for post-Hartree−Fock methods
follow different approaches to decrease the system size
limitation: For instance, the computational cost of some
methods can be lowered by resolution-of-the-identity techni-
ques (also called density fitting), which enable a faster
evaluation of some electron repulsion integrals in the molecular
orbital basis.1−3 The key example of relevance here is the RI-
CC2 approach, derived from the approximate coupled-cluster
(CC) with singles and doubles method (CC2),4 which has
proven to be a reasonably accurate way to study electronic
excited states also for large systems.5−8 The computational time
can similarly be reduced by Cholesky decomposition
techniques.9,10 Another idea is to exploit the relatively short-
ranged nature of correlation effects by working in a basis of
local orbitals.11−18 The fragment molecular orbital19 and the
incremental schemes20−22 also go along this line. Such methods
reduce the complexity of the problem by breaking it down into
smaller independent tasks. Further, explicitly correlated so-

called R12 or F12 methods can be applied to reduce the one-
electron basis set requirements.23−27 Other approaches make
use of a reduced virtual orbital space to decrease the cost in the
correlation treatment.28 Of course, combinations of two or
more approaches are possible. However, common to all of
these methods is that they attempt to treat the full system on an
equal footing.
While all of these are promising approaches, they still cannot

be applied to systems with several thousand (or more) atoms
routinely. For this, an alternative approach is the hybrid
quantum mechanical and molecular mechanical method (QM/
MM).29−31 Here, the system is divided into two subsystems.
The smaller one contains the region of primary chemical
interest and is treated at a quantum mechanical level, while the
larger one describes the environment which is assumed to be
representable by a classical treatment.
Not only the QM methods themselves have seen some

improvements in this context but also the description of the
MM region and the interface.32−41 This is important since an
improved accuracy of only one component is not necessarily
sufficient for a general quality increase in property descriptions.
This fact has been demonstrated for the treatment of
environmental effects on electronic excitations with the
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polarizable embedding method (PE).42 It has been found that a
balanced description of mutual polarization effects between the
QM and MM region is needed for accurate results. Within the
PE method, the MM electrostatic potential is presently
described by a multipole expansion of up to octupoles and by
induced dipoles, which are obtained in a self-consistent
coupling to the QM region. PE has been formulated for
DFT37 as well as for CC,40 covering in particular CCS, CC2,
CCSD, and CCSDR(3).43 The PE approach is a successor of a
previous formulation of QM/MM approaches44−46 with
polarizable force fields. Besides ground-state energies, linear
and higher response properties including electronic excitation
properties can also be obtained with PE.47

In addition to the above cited work, the integration of post-
Hartree−Fock methods into QM/MM frameworks has
attracted significant interest recently.48 The PE approach is
comparable to the effective fragment potential (EFP)
approach,34,35 which has been combined with EOM-CCSD49

and CIS(D).50 The main differences are, on the one hand, that
EFP contains energy terms to model nonclassical effects like
Pauli repulsion (which are not included in the current
formulation of PE) and that, on the other hand, in the EFP
method induced dipoles are only obtained approximately while
PE includes a self-consistent treatment also in response
calculations. Conceptually, PE is also related to the discrete
interaction model/QM approach which has been developed to
describe nanoparticles classically based on (frequency depend-
ent) induced dipole moments and atom-wise capacitance.38,39

Further, there is also some correspondence to implicit solvent
models which have been combined with higher correlation
methods.51−57 These very efficient approaches to solvent effects
can be quite successful, but they are also known to miss
important effects of specific solvent interactions. Because of
this, accurate but fast QM/MM methods are still an active field
of research.
The PE method has been applied successfully in several

studies in the context of solvatochromism effects37,43,47,58−60

and other properties in solution47,61−63 as well as to study
biomolecular systems.64 Only in some of the studies was PE−
CC utilized because its application is still challenging due to the
steep scaling of standard CC methods and the fact that there
are still limitations to how small the QM part of a system can
be for an accurate description. So far, the PE−CC method has
not been combined with any of the aforementioned approaches
to reduce computational costs in electronic structure theory. In
this paper, we present the combination of the PE method with
the RI-CC2 approach,5 yielding a PERI−CC2 method. To
maintain efficiency for the new method, a further approx-
imation to the PE−CC method has to be introduced which is
based on the use of a truncated CC2 density for the PE
contributions. Compared to standard PE−CC2, the effects on
excitation energies are shown to be negligible, and the new
method is computationally much faster than standard PE−
CC2. The PERI−CC2 method is applicable on systems from
biomolecular photoactive proteins with large QM regions to
solvation effect studies, which typically requires the computa-
tion of 100 or more independent configurations of the solute/
solvent system.
The outline of the paper is as follows: In section 2, we

present the theory for the combination of PE with RI-CC2, and
in section 3, we describe briefly how PERI−CC2 has been
implemented in the RI-CC2 program of the TURBOMOLE
program package such that the low computational costs and

storage demands of RI-CC2 are retained. Section 4 contains the
specification of computational details underlying the results in
section 5, in which we validate the approach by numerical
comparison between previously published PE−CCSD bench-
mark results before we investigate the aqueous shift of the
lowest-lying excitation for uracil. Finally, in section 6, we
present our conclusions and perspectives.

2. THEORY
The concept and general theory of the PE method for CC as a
special approach to QM/MM computations have been detailed
before for both ground state optimizations as well as response
theory methods.40 For completeness, we briefly repeat some of
the main ideas and equations of PE−CC theory in order to set
the stage for the PERI−CC2 approach. Central to the method
is the general Lagrangian

∑
̅ = ⟨Λ| ̂ | ⟩ + ⟨Λ| ̂ | ⟩

− +

−

−

L H G

F R F E

t t

D D

( , ) CC CC
1
2

( ) ( )
uv

u uv v

PE CC
QM es

sta CC sta CC non elec

(1)

Here, ĤQM represents the vacuum electronic Hamiltonian, Ĝes

is the electron operator for the interaction with the multipole
moments in the MM region, Fu

sta an electric field at an MM site
u, DCC is the unrelaxed CC density, and Ruv is a classical
polarization response matrix. Enon‑elec subsumes all terms not
mentioned before and not related to the coordinates of the
electrons (MM site/MM site or nuclei/MM-sites interactions
etc.). The CC ansatz is given as the usual exponential
parametrization of the wave function |CC⟩ = exp(T̂)|HF⟩,
with the cluster operator

∑ ∑ τ̂ = ̂ + ̂ + =
μ

μ μT T T t...
i

n

1 2

i

i i
(2)

generating excitations out of the reference Hartree−Fock state.
Here, τμi denotes an i-tuple excitation operator, and the

corresponding excitation amplitudes are denoted tμi. Note that
the Lagrangian depends in a nonlinear manner on both the
cluster amplitudes t and multipliers t.̅ For clarification and ease
of reference, we have compiled an overview of the index
conventions used in this work in Table 1.

The CC expectation values in eq 1 are given with the help of
an auxiliary state

∑ ∑ μ⟨Λ| = ⟨ | + ̅ ⟨ | − ̂
μ

μt T( HF ) exp( )
j

j
j

j

(3)

Table 1. Conventions for the Use of QM Orbital and MM
Site Indices in This Work

index labels referencing

κ,λ atomic orbitals
i, j occupied spatial molecular orbitals
a, b virtual spatial molecular orbitals
p, q general spatial molecular orbitals
m, n general MM site
u, v polarizable MM site
s, s′ general interaction site
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The sum runs over all excitations included in the cluster
operation in eq 2. With the help of the auxiliary state, the
unrelaxed CC density matrix is defiened

= ⟨Λ| ̂ | ⟩D E CCpq pq
CC

(4)

Here, Êpq are the spin-free one-particle operators in second
quantization acting on general spatial molecular orbitals ϕp and
ϕq. Requiring the Lagrangian to be stationary with respect to
the CC multipliers and amplitudes leads to the following
equations:

τ
∂ ̅

∂
= ⟨Λ| ̂ + ̂ ̂ | ⟩ =

ν
ν

−L
t

H G
t t

D
( , )

[ ( ), ] CC 0PE CC QM CC

j
j

(5)

μ
∂ ̅

∂ ̅
= ⟨ | − ̂ ̂ + ̂

̂ | ⟩ =

ν

−L
t

T H G

T

t t
D

( , )
exp( ) ( ( ))

exp( ) HF 0

j
PE CC QM CC

j

(6)

Unlike in the vacuum case, the equations for tμi and tμ̅i are
coupled by the environment coupling operator Ĝ(DCC) known
from general PE−CC theory

̂ = ̂ + ̂G G GD D( ) ( )CC es pol CC
(7)

with the electrostatic contribution

∑ ∑ ∑̂ = Θ ̂
= =

G EQ
m

M

k

K

pq
m pq
k

m
k

pq
es

1 0
,

( ) ( )

(8)

and the polarization contribution

∑ ∑ μ̂ = Θ ̂
=

G ED D( ) ( )
u

U

pq
u pq u pq

pol CC

1
,

(1) ind CC

(9)

For the derivation of Ĝ(DCC), we refer to the corresponding
literature.40 M is the total number of multipole expansion
points m, and U is the total number of polarizable sites u, which
can but do not have to be equal to M. Qm

(k) is a multipole
moment of kth order located at expansion point m; i.e., for k =
0, it is a point charge, for k = 1, a dipole moment, and so on.
Likewise, μu

ind(DCC) is an induced dipole moment. Finally,
general multipole interaction integrals are defined as

ϕ ϕΘ = −
!

⟨ | | ⟩′

+

′k
r T r

( 1)
( ) ( )s pq

k
k

p i is
k

q i,
( )

1
( )

(10)

where the index i refers to an electron and r to Cartesian
coordinates. Tss′

(k) represents interaction tensors defined as

= ∇
| − ′ |′T
r r

1
( )ss

k
s
k

s s

( )

(11)

where ∇s
k is a derivative operator of order k with respect to

coordinates rs of a general interaction site s.
The polarization contribution stems from the induced dipole

moments μu
ind(DCC). Here, the dependence of the induced

dipoles on the electron density, and therefore on the electronic
wave function, is indicated. They are obtained from

μ

μ μ μ

= + + =

= + +

D R F F D F RF D

D

( ) ( ( ) ) ( )

( )

ind CC nuc elec CC mul sta CC

ind,nuc ind,elec CC ind,mul

(12)

where R is a symmetric classical response matrix of dimension
3U × 3U and the static field Fsta(DCC) is the sum of the fields
due to the nuclei, electrons (depending on the electronic
density), and multipoles. The last equality in eq 12 separates
the induced moments into contributions derived from the
respective field component. R is defined as

α

α

α

=

− −

− ⋱ ⋮

⋮ ⋱ ⋱ −

− −

−

−

−

−
−

−⎛

⎝

⎜⎜⎜⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟⎟⎟

T

R

T

T

T

T T

...

...

U

U U

U U U U

1
1

12
(2)

1
(2)

21
(2)
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( 1)
(2)

1
(2)

( 1)
(2) 1

1

(13)

The inverse of the polarizability tensors αu are placed along the
diagonal, while the dipole−dipole interaction tensors are found
as off-diagonal elements. See earlier PE work for further details
and clarification.37,40

In order to apply the general concepts of the CC2 approach,
the previous equations are reformulated slightly to separate
contributions from electron correlation and from the Fock
operator F̂PE, obtained from a preceding self-consistent PE−
Hartree−Fock calculation. As an aside, note that this also
implies that the reference orbitals in PE−CC already
incorporate some of the effects of the environment. To achieve
this separation, we rewrite the PE−HF energy as

∑= ⟨ | ̂ + ̂ | ⟩ −

+

−

‐

E H G F

R F E

D

D

HF HF
1
2

( )

( )

uv
u

uv v

PE HF
QM es sta HF

sta HF non elec
(14)

We separate the static field into contributions from the PE−HF
reference state and those from the correlated wave function by
making use of the difference between the SCF density and the
fully correlated (unrelaxed) CC density

= − = ⟨Λ| ̂ | ⟩ − ⟨ | ̂ | ⟩ΔD D D E ECC HF HFpq pq pq pq pq
CC HF

(15)

Further, it is convenient to introduce the normal ordered
operators

̂ = ̂ − ⟨ | ̂| ⟩O O OHF HFN (16)

which let us reformulate eq 1 to

∑
̅ = + ⟨Λ| ̂ + ̂ | ⟩

− +
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Δ

Δ
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⎛
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(17)

∑= + ⟨Λ| ̂ + ̂ | ⟩ −−
Δ

Δ

E F W F

R F

D

D

CC
1
2
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We made use of the definitions

̂ = ̂ + ̂H F WN N N
QM QM

(19)

̂ = ̂ + ̂F F G D( )N N N
PE QM HF

(20)

using the same separation of the Hamiltonian into a Fock
operator contribution (F̂N

QM) and a fluctuation potential
contribution (ŴN) as for the analogue vacuum ansatz and
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defining an effective Fock operator consisting of the vacuum
part and the PE contributions (including self-consistently
obtained induced dipoles at the HF level).
The CC2 model is derived from the CCSD model by

approximating the doubles equations to be correct through first
order only. In this process, the singles excitations are treated as
zeroth order parameters.4 Consequently, we inspect the PE−
CCSD doubles amplitude equation in order to proceed like in
the vacuum case. For this aim, it proves rewarding to introduce
T̂1-transformed operators Õ = exp(−T̂1) Ô exp(T̂1) and make a
Baker−Campbell−Hausdorff expansion with the PE Fock
operator and the fluctuation potential inserted in eq 6 to obtain

μ= ⟨ | ̃ + ̂ ̂ + ̃ ̂ + ̃ ̂

+ ̂ ̂ ̂ | ⟩

ΔW F T W T G T

W T T

0 [ , ] [ , ] [ , ]
1
2

[[ , ], ] HF

2
PE

2 2 2

2 2 (21)

We also introduced the environment coupling operator due to
correlation effects, which yields

̂ = ̂ − ̂Δ ΔG G GD D D( ) ( ) ( )CC HF
(22)

∑ ∑ μ= Θ ̂
=

Δ ED( )
u

U

pq
u pq u pq

1
,

(1) ind,elec

(23)

For brevity, we omit the implicit dependency of ĜΔ on DΔ in
the following. Removing terms of higher than first order in eq
21, we are left with

μ= ⟨ | ̃ + ̂ ̂ + ̃ ̂ | ⟩ΔW F T G T0 [ , ] [ , ] HF2
PE

2 2 (24)

The first two terms fully match vacuum CC2 theory. We shall
comment more on the last term shortly. The singles equations
are the same as for PE−CCSD and are thus given by

μ= ⟨ | ̃ + ̃ + ̂ ̂ + ̃ ̂ + ̃ ̂ | ⟩Δ ΔG W F T G T W T0 [ , ] [ , ] [ , ] HF1
PE

1 2 2
(25)

Using canonical PE−HF orbitals, the F̂PE,T̂1 term of the
doubles equations simply evaluates to (εa + εb − εi − εj)tij

ab

(with εi being an orbital energy). However, the ĜΔ,T̂2 term
does not simplify in a similar way. Effectively, this prevents an
efficient implementation as realized in the RI-CC2 algorithm,
which generates the t2 amplitudes on-the-fly by exploiting the
fact that the double-excitation part can be inverted directly. The
contribution of [G̃Δ,T̂2] would require that the doubles'
amplitudes are stored so that the doubles equations can be
solved iteratively. This would cause a storage and I/O
bottleneck for large systems. Furthermore, it can be argued
that ĜΔ describes a correlation-induced contribution to the
embedding potential; thus [G̃Δ,T̂2] is not truly a first-order
term. This depends upon the reference state, which might or
might not already include contributions from a polarizable
embedding potential. In the recent formulation of PE−CC, a
PE−SCF reference state is applied (in contrast to previous
approaches), and thus, the term only introduces higher order
effects. However, the inclusion of the doubles amplitudes and
Lagrangian multipliers in the density DΔ would significantly
increase the computational cost and the complexity of the
implementation. On the other hand, the correlation contribu-
tion to the density should be small in all situations where a
second-order single-reference method such as CC2 is
applicable. We therefore introduce for the evaluation of the
reaction field a CCS-like difference density

= −Δ′ ′D D Dpq pq pq
CCS HF

(26)

∑ μ= ⟨ | + ̅*⟨ | ̂ + ̂ ̂*
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1 1
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(27)

instead of the DΔ as derived from the full CC2 density. In eq
27, the asterisk implies that the t1 amplitudes and t1̅ multipliers
from CC2 are used. Taken together with eq 23, this leads to the
approximate coupling operator ĜΔ′. As we shall demonstrate
below in the context of response theory, the terms included
allow sufficient polarization interaction stemming from the
different reaction fields from an excited state compared to the
ground state. Ultimately, replacing ΔCC2 by Δ′ is a major
computational simplification allowing the efficiency trademark
of RI-CC2 to be fully retained in the PERI−CC2 method. A
related simplification has been used in a recent implementation
combining the PCM continuum solvation model and CCSD,
where the dependency on the multipliers is neglected.57

In combination with the previous considerations for the
doubles amplitudes, we may define a Lagrangian for the PERI−
CC2 model as

∑

∑

∑
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from which all PERI−CC2 equations may be derived.
As above, the stationarity conditions for the Lagrangian

determine the PERI−CC2 amplitude equations:
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and likewise the multiplier equations:
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The equations are similar to the vacuum case with the addition
of the ĜΔ′ operator. By introducing DΔ′, the ĜΔ,T̂2 coupling is
also effectively removed.

2.1. LINEAR RESPONSE FOR PERI−CC2
A response theory can be developed for PERI−CC2 following
previous CC/MM work. While the coupling of amplitude and
multipliers in principle causes some additional complexity, we
follow the previous strategy of neglecting that complexity in the
identification of expressions for transition properties.44

Accordingly, excitation energies can, as usual within a CC
response theory approach, be obtained by solving the
eigenvalue problem of the related Jacobian defined as derivative
of the cluster equations with respect to the amplitudes:

=
∂

∂ ̅ ∂μν
μ ν

−A
L

t t

2
PERI CC2

(33)

This leads to the following expressions for the four blocks of
the PERI−CC2 Jacobian:
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Since ĜΔ′ depends through the correlation contribution to the
density on the singles amplitudes, one obtains in the singles/
singles block Aμ1ν1 a contribution from its derivatives with
respect to tν1:
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Introducing the operator Ĉ1 = ∑v1cv1τv̂1, the contribution from
this operator in a right (singles) transformation with the
Jacobian can be evaluated as

∑ μ μ⟨ | ̃ | ⟩ = ⟨ | ̃ | ⟩
ν

ν
ν

ΔG c G DHF ( ) HFc
1 1

1

1

1
1

(39)
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Likewise, a left (singles) transformation is given as
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These equations ultimately give the PERI−CC2 eigenvalues
and eigenstates of the Jacobian and thus the excitation energies
all defined from the Lagrangian in eq 28. Finally, transition
moments can also be calculated following completely the
implementation described in ref 65.

3. IMPLEMENTATION
To realize the PERI−CC2 model within the RI-CC2 code, the
polarizable embedding was also implemented for SCF energies.
For the electrostatic contribution (Ges), the same strategy as for
a point charge embedding can be followed. The multipole
interaction integrals are evaluated at the beginning of the SCF
procedure and are added to the one-electron part of the Fock
operator.
Since the contribution from induced dipoles depends on the

electron density, Gpol has to be updated in each SCF cycle. This
is done by evaluating the field at all polarizable MM sites u
based on the density. On the basis of the field, the induced
dipoles are calculated from eq 12. Then, the contribution of
these dipoles is added to the Fock matrix using the same
routine as for evaluating the (fixed) permanent dipole
contributions.
To account for the coupled equations needed for obtaining

the PE−CC amplitudes and multipliers, an outer loop is
implemented in which the amplitudes and multipliers are
optimized in a successive manner before ĜΔ′ is updated. As has
been found before,45 this is efficiently done by carrying out only
a limited number of microiterations in the amplitude and
multiplier solver. However, in contrast to the previous CCSD/
MM implementation,45,46 PERI−CC2 has been found to be
less sensitive to the choice of microiterations in some
preliminary calculations. Therefore, a conservative setting of
four steps in each solver is chosen by default. The outer loop is
run until ĜΔ′ is constant within a given threshold, and the usual
(vacuum) requirements for optimizing the CC vector function
are fulfilled. In case this pragmatic procedure should cause
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problems, it is certainly possible to develop an equation solver
where the two sets of equations are solved simultaneously, but
there are so far no indications that this is necessary.
Then, excitation properties are evaluated as in a regular CC2

calculation, adding the contribution of ĜΔ′ and its derivatives
where necessary to the result vectors in the linear trans-
formations with the Jacobian when solving for its eigenvectors
and for the transition moment Lagrangian multipliers. To
construct the operators, a general density-driven strategy can be
applied. As can be seen from eqs 23, 39, and 42, they all depend
on a given density. Once the density is available, the operators
can all be evaluated in identical fashion. Explicitly, we construct
densities in the Λ basis and transform them to the AO basis,
where the Λ basis is derived from the T̂1-transformed MO
integrals

∑ ∑̃ = Λ Λ
κ λ

κ λ κλx xpq p
p

q
h

(45)

with the occupied and virtual transformation matrices

Λ = −C t(1 )p T
1 (46)

Λ = +C t(1 )h
1 (47)

where C is the AO coefficient matrix and κ and λ label AOs.66

From these densities, the field and the induced dipoles as well
as the interaction integrals are obtained using the same routines
as for the SCF implementation. The necessary densities and
their different block structures in the Λ basis can be found in
Table 2.

4. COMPUTATIONAL DETAILS
The implementation described above has been carried out in a
development version of TURBOMOLE 6.3.67 The validity of
the PERI−CC2 model has been tested by comparing it to
previously published results, mainly obtained with PE−CCSD.
If not stated otherwise the following computational details were
applied: Properties in solution are computed from several
geometry configurations extracted from classical molecular
dynamic runs. The computations are carried out in a QM/MM
like fashion normally containing (only) the solute in the QM

region. This is done with the PE method. Final results are the
averages over all individual computations. The number of
configurations varies between 30 and 120. As validated in the
previous studies, this is sufficient to reach converged results in
those cases where we compare to experimental results. No new
simulations were carried out. Instead, configurations from
previous works have been used. In those studies, solvent and
solute molecules have been treated as rigid entities.
Configurations were obtained as snapshots from molecular
dynamic simulations based on a polarizable force field
approach. They were extracted every tenth picosecond, which
is sufficient to have uncorrelated structures. For more details,
we refer to the individual publications.42,58,68

For the PE computations, the solvent molecules were
represented by potentials with up to and including quadrupole
moments and anisotropic dipole polarizabilities located on each
atomic site (labeled M2P2). The potentials are derived from
LoProp69 calculations based on B3LYP70,71/a-aug-cc-pVTZ72,73

as described in ref 58. The a-aug-cc-pVTZ basis set is a
recontraction of aug-cc-pVTZ to an ANO-type basis, which is
necessary for the LoProp procedure. For the QM part, the aug-
cc-pVDZ basis set72,73 with according auxiliary basis set74 has
been applied.

5. RESULTS
As a first test, the consequences of the approximation
introduced in PERI−CC2namely, the approximate densities
used for the reaction field defining the environment coupling
operatorare investigated. For this, the solvatochromic shift
for the first π−π* excitation of p-nitro-phenolate (PNP) in
aqueous solution is considered. It has been found that the shift
is very sensitive to whether a fully self-consistent treatment of
the induced dipoles in response calculations is applied or not.42

Therefore, it is very likely that any deficiency in the reaction
field approximation would show up in this case. Of course, the
RI approximation in itself introduces potential errors of a
somewhat different character. In order to dissect these different
effects, we compare in Table 3 excitation energies and oscillator
strengths for the two lowest-lying transitions for a single
arbitrary PNP configuration in water or in a vacuum calculated
in three different ways: Either using the PE−CC2 model as
implemented in DALTON75 with the full reaction field or using
the PERI−CC2 approach as described above with the standard
and a very large auxiliary basis set.
We observe a good agreement, indicating that the reaction

field and RI approximations do not influence the results
significantly. Note that without the RI approximation to CC2,
these computations of PNP are already quite demanding, and
we therefore limit ourselves to explicitly testing one solvent
configuration in this fashion. Rather, we compare with a

Table 2. Contributions to Densities Needed to Build the
Effective Operators in PERI−CC2 Given in T̂1-Transformed
Form

density occ/occ occ/vir vir/occ vir/vir

DΔ′ 0 0 ta̅i 0
Dc

1 −∑a ta̅jcai 2cai 0 ∑t ta̅icbi
c1̅D 0 0 ca̅i 0

Table 3. Comparison of PE−CC2 and PERI−CC2 Results for One Configuration of PNP in Water Surroundings (aq) and a
Vacuum (vac) Based on 6-31++G** and the aug-cc-pVDZ or the aug-cc-pVQZ Auxiliary Basis Seta

(PE-)CC2 (PE)RI-CC2b (PE)RI-CC2c

env. no. exc. ΔE(exc) δ ΔE(exc) δ ΔE(exc) δ

vac 1 3.27 0.5903 3.27 0.5900 3.27 0.5902
2 3.49 0.0000 3.49 0.0000 3.49 0.0000

aq 1 2.75 0.7056 2.78 0.6834 2.78 0.6836
2 3.75 0.0000 3.74 0.0000 3.74 0.0000

aThe excitation energies (ΔE(exc)) and the oscillator strengths (δ) are given in eV and au, respectively. bWith aug-cc-pVDZ auxiliary basis. cWith
aug-cc-pVQZ auxiliary basis.
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previous study42 using PE(M2P2)-CCSD/6-31++G**. In fact,
this serves to test both the capability of RI−CC2 to incorporate
the most important correlation effects compared to CCSD, as
well as the effects of using simpler forms of reaction field
densities. The solvent potential and the geometry config-
urations are taken from the original study. For each method,
PE−CCSD and PERI−CC2, three different environment
models are considered: Model 0 does not include any induced
dipoles at all in the environment; i.e., no ploarization effects are
included. In model 1, the induced dipoles are obtained from the
preceding PE−SCF calculation; i.e., the polarization reaction
field is kept fixed during the CC iterations also serving to
decouple the amplitude and multiplier equations. Finally, in
model 3, the fully self-consistent induced dipoles are used as
described in section 2. Therefore, any approximations to the
densities introduced in the PE treatment only apply to model 3.
Note that compared to the reference study, we skipped
polarization model 2 (which yields only minor additional
effects) but kept notations as introduced previously. A more
detailed discussion about the different polarization models can
be found in ref 42. The results for PE(M2P2)-CCSD/6-31+
+G** and PE(M2P2)RI-CC2/6-31++G** and their relative
deviations are shown in Figure 1.
For models 0 and 1, the (average) excitation energy is 3.15

eV with PERI−CC2, resulting in a shift of −0.12 eV in
comparison to the vacuum result. For model 3, the excitation
energy changes to 2.88 eV and a shift of −0.39 eV, respectively.
The trend for the three models is the same as has been found
before with PE−CCSD (and also with PE-DFT): There is no

significant difference between the first two polarization models
(0 and 1), but including self-consistent dipole moments also in
the response calculation changes the results markedly. While
the absolute excitation energies are lower with PERI−CC2 than
with PE−CCSD, which yields 3.31 eV (model 0 and 1) and
3.06 eV (model 3), the solvatochromic shifts with respect to the
vacuum are in very good agreement. With PE−CCSD, the
shifts are −0.14 and −0.15 eV (model 0 and 1) and −0.39 eV
(model 3). The additional shift due to model 3 relative to
model 1 is −0.25 eV for PE−CCSD and −0.27 eV for PERI−
CC2. This shows that the additional approximations in PERI−
CC2 do not neglect the main contributions for describing the
change of the reaction field upon excitation. This is further
supported when the individual deviations between the two
methods for each configuration are inspected (Figure 1,
bottom). The relative difference in the contribution of each
model to the total shift, ΔΔE(shift), is plotted there. The
average relative differences are −0.02 eV for model 0, −0.01 eV
for model 1, and 0.02 eV for model 3. There is no significant
increase when going from model 1 to model 3. A deficiency in
the additional approximations to the PE method could only be
seen in this step. This indicates that differences in the
solvatochromic shifts are rooted in the electronic structure
methods in use (RI-CC2/6-31++G** vs CCSD/6-31++G**)
and not in the way the environment contribution is treated.
So far, the presented results concern one solvent only,

namely, water. One of the advantages of discrete solvent
models, and the PE method in particular, is the possibility to
describe any solvent on equal footing. This is in contrast to
implicit solvent models which cover specific solute/solvent
interactions less accurately, and as a consequence, relative
effects between different solvents cannot always be described to
a satisfying extent. This has been demonstrated, e.g., for the
solvatochromic shift of acetone in several solvents.58 PE−
CCSD has also been applied for this study, and it thus again
provides us with an ideal reference test set for estimating the
accuracy of the PERI−CC2 method.
In Figure 2, the solvatochromic shifts obtained with

PE(M2P2)-CCSD/aug-cc-pVDZ and PE(M2P2)RI-CC2/aug-
cc-pVDZ for the n−π* excitation of acetone are shown. The

Figure 1. (Top) Electronic excitation energies for the first π−π*
excitation of PNP in aqueous solution with PE−CCSD/6-31++G**
and different models for induced dipole moments (see text). (Middle)
Same results with PERI−CC2/6-31++G**. (Bottom) Deviation
between PE−CCSD and PERI−CC2 for the effect on the excitation
shift introduced by each model.

Figure 2. Solvent shift for the n−π* excitation of acetone in different
solvents. Both theoretical methods are combined with an M2P2
solvent potential and the aug-cc-pVDZ basis set. Results are obtained
from averaging over 30 independent configurations. The standard
error of the mean is indicated with bars. Experimental results from ref
76.
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results are computed for the solvents water, methanol,
acetonitrile, and carbon tetrachloride. The configurations and
the solvent potentials are taken from previous work.58

Experimental results,76 even the small red-shift for CCl4, are
fully recovered by PERI−CC2. The predicted shifts are in
excellent agreement with the PE−CCSD results with deviations
well below 0.05 eV. The absolute excitation energies are slightly
overestimated by both methods, exceeding experimental results
by about 0.1 eV. This is a constant shift regardless of the
environmenteven for vacuum. This, again, underlines the
possibility of treating different environments equally well with
the PE method.
Having thus established the reliability of the PERI−CC2

approach compared to PE−CCSD, we turn the focus toward
the lowest-lying excited states of uracil in aqueous solution. In a
previous investigation,68 it was found that the solvatochromic
shift is far from easy to describe by more traditional theoretical
means. A straightforward QM/MM approach based on CC2
(without the resolution of identity) including a solvent
potential with point charges and isotropical polarizabilities
showed qualitative agreement with experimental results.
Further tests revealed that this solvent potential was not able
to describe all important effects. In principle, this could have
been overcome by including water molecules next to the solute
into the QM region because the missing effects are most likely
very short-ranged and quantum mechanical in nature. However,
this was not possible previously because the computational cost
exceeded what was affordable. Therefore, the missing
contributions due to the insufficient water potential were
estimated pragmatically via related test calculations, ultimately
yielding an additional shift of 0.09 eV. With PERI−CC2, we
may return to this unsettled issue of predicting the accurate
shift of uracil in water with systematic CC calculations.
Using the same 120 configurations as before,68 we repeat the

calculations with PERI−CC2/aug-cc-pVDZ and a more
sophisticated M2P2 water potential. Because of the efficiency
of the method, calculations including four water molecules in
the QM region (each of them next to one of the four H-bond
acceptors in uracil) can also be carried out. These 120
computations with 384 basis functions each could not have
been performed economically without our new implementa-
tion. The results along with previous ones are listed in Table 4.
The experimental result77−80 for the shift of the π−π*

excitation is −0.30 eV, and PERI−CC2 is thus seen to agree
nicely (−0.24 eV). It improves also on the previous CC2/MM
result (−0.20 eV). The better performance can primarily be
attributed to the improved solvent potential (quadrupoles as
compared to charges only). For completeness, note that there
are minor conceptual differences in how the polarization
coupling to the environment is treated in the two calculations;
this is unlikely to influence the outcome. This can also be
deduced from the best estimate result from ref 68, where the

influence of a higher level treatment of the surroundings is
estimated. Somewhat surprisingly, including four water
molecules in the QM region has virtually no effect on the
PERI−CC2 result. This is quite encouraging that such an
improved description can be achieved with a more
sophisticated classical potential; previously,68 it has been
speculated that the missing effects are related to solute−
solvent dispersion interactions which are not easily modeled
across a QM/MM interface. On the basis of the PE(M2P2)RI-
CC2/aug-cc-pVDZ results presented here, this seems not to be
necessary.
For the n−π* transition, the picture is less clear. The PERI−

CC2 excitation energy is 5.47 eV and decreases by 0.10 eV,
including water in the QM region, thus showing a larger effect
than for the lowest excited state. For both excited states, it
should be noted that the effects found are different than in the
previous CC2/MM uracil study carried out with a simpler
potential. For a complete understanding, the effect of the
different water potentials has to be investigated in more detail.

6. CONCLUSION AND SUMMARY

In this paper, the derivation and implementation of a combined
QM and MM approach based on the RI-CC2 ansatz and the
polarizable embedding method is presented, dubbed PERI−
CC2. It enables a very efficient treatment of environment
effects on both ground and excited state properties by
describing the perturbing environment effects in a classical
fashion but retaining the major effects of incorporating fully
self-consistent polarization. Thereby, the PE method ensures an
increased accuracy by taking induced moments in the MM
region into account. To uphold the computational efficiency of
RI-CC2, a PERI−CC2 tailored approximation for the polar-
ization treatment is introduced. The results obtained using this
approximate reaction field are validated against corresponding
PE−CC2 calculations, and very good agreement is observed.
Especially, we show that PERI−CC2 is fully capable of
incorporating polarization effects even within linear response
calculations of excitation energies. Likewise, it shows the same
sensitivity to a broad range of solvent potentials by reproducing
the most important trends obtained at the PE−CCSD level of
theorywith a dramatically reduced computational cost.
Finally, solvatochromic shifts of uracil in aqueous solution

have been investigated. PERI−CC2 shows better agreement
with experimental results for the π−π* excitation than previous
computations and is in good agreement with best estimate
results. Likewise, the values are converged with respect to the
inclusion of solvent molecules into the QM region. For the
n−π* excitation, the latter does not hold completely. This
might be related to a deficiency in the solvent potential or
perhaps in the QM/MM interface treatment. Further
investigations in that direction have to be carried out to
come to a final conclusion.

Table 4. Excitation Energies (ΔEsol) and Solvatochromic Shifts (ΔΔEsol) for Uracil in Aqueous Solution Obtained with
Different CC2 QM/MM Calculations for the π−π* and n−π* Excitationsa

method no. QM water ΔEsolπ−π* ΔΔEsolπ−π* ΔEsoln−π* ΔΔEsoln−π*

CC2/MMb 0 5.20 ± 0.01 −0.20 ± 0.01 5.37 ± 0.03 0.43 ± 0.03
CC2/MM (best est.)b,c 0 5.11 ± 0.01 −0.29 ± 0.01 5.39 ± 0.03 0.45 ± 0.03
PERI−CC2 0 5.16 ± 0.01 −0.24 ± 0.01 5.47 ± 0.03 0.53 ± 0.03
PERI−CC2 4 5.15 ± 0.01 −0.25 ± 0.01 5.37 ± 0.02 0.43 ± 0.02

aIn all cases, the aug-cc-pVDZ basis set is applied. All energies in eV. bTaken from ref 68. cBest estimate; corrected for inclusion of 12 QM water and
higher order effects (see text).
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Regardless of the individual outcome for the two excitations,
the results demonstrate that it is possible to describe even a
challenging case like uracil in aqueous solution with the PE
method. This requires the inclusion of many different effects:
an accurate QM method like CC, the inclusion of polarization
effects from the classical surroundings, and a sophisticated
electrostatic potential for the environment. Additionally, the
PERI−CC2 approach meets the demand for very efficient
methods allowing for large QM regions to be used in QM/MM
calculations. This is important also as a benchmarking tool in
turn verifying the accuracy of lower level methods.
Of course, the application range of PERI−CC2 is not limited

to systems in solution. With PERI−CC2, it is now possible to
apply CC for biomolecular problems where local phenomena
are of interest and an embedding scheme can be used. Likewise,
one can think of applications for molecules on surfaces or
molecules embedded in a polymer matrixtypical situations
for the study of solar cells on the molecular level.
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(25) Köhn, A. J. Chem. Phys. 2009, 130, 104104.
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