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Spin-component-scaled electron

correlation methods
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Spin-component-scaled (SCS) electron correlation methods for electronic struc-
ture theory are reviewed. The methods can be derived theoretically by applying
special conditions to the underlying wave functions in perturbation theory. They
are based on the insight that low-order wave function expansions treat the cor-
relation effects of electron pairs with opposite spin (OS) and same spin (SS)
differently because of their different treatment at the underlying Hartree-Fock
level. Physically, this is related to the different average inter-electronic distances
in the SS and OS electron pairs. The overview starts with the original SCS-MP2
method and discusses its strengths and weaknesses and various ways to parame-
terize the scaling factors. Extensions to coupled-cluster and excited state methods
as well the connection to virtual-orbital dependent density functional approaches
are highlighted. The performance of various SCS methods in large thermochemi-
cal benchmarks and for excitation energies is discussed in comparison with other
common electronic structure methods. © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

B efore the advent of density functional theory
(DFT) in the 1980s and 1990s of the past cen-
tury, second-order Moller-Plesset perturbation the-
ory (MP2)'? was the only practicable electronic struc-
ture method for larger systems that includes electron
correlation effects in a reasonable manner. While it
has been replaced in many applications by standard
hybrid density functionals like B3LYP, there is some
renewed interest in MP2 and related methods in re-
cent years. The reasons are manifold: (a) efficient
computer implementations using density-fitting also
called resolution of the identity (RI),> local/AO,*
dual-basis set,'® and/or basis set convergence speedup
(R12/F12)'112 techniques are available; (b) natural
and physically well-founded inclusion of dispersion
(van der Waals (vdW)) interactions that are more or
less absent in standard DFT'3; and (c) the absence of
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self-interaction (overdelocalization) error (SIE) that
plagues all semilocal density functionals.'®'5 On the
other hand, however, one should keep in mind that
MP2 has a limited accuracy even for nonmetallic,
main-group systems in particular when compared to
the often very good performance of DFT for the same
systems. So the aim of the original spin-component-
scaling (SCS)'¢ idea was to retain all the good fea-
tures of MP2 (size-consistency, orbital-rotational-
invariance, computational simplicity) while improv-
ing its general accuracy to a level that is competitive
to that of contemporary DFT. In any case, MP2-based
methods should no# be used when static electron cor-
relation effects, for example, as in open-shell species!”
or in transition states,'® play a role.

Since its development in 2003, the SCS idea has
spread out in the electronic structure method devel-
oper community and many variants have been pub-
lished. An overview is given in Table 1, which also
contains the numerical values of the two semiem-
pirical scaling factors (see below) that define the
methods.

There are also methods that use the origi-
nal SCS-MP2 parameters but simply apply the scal-
ing scheme in the context of another electronic
structure method. We mention here in particular
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TABLE 1 | Opposite-Spin (cos) and Same-Spin (css) Scaling Parameters of Different SCS Variants. NCI

means non-covalent interactions.

MP2 1.00 1.00
SCS-MP2 1.20 0.33 original, general purpose 16
$0S-MP2 1.30 0.00 O(N*) scaling with system size 19
MOS-MP2 1-2 0.00 113 dependent factors 20
02 1.20 0.00 SOS-MP2 with optimized orbitals 2
S0S-7-MP2 1.40 0.00 special version for 7 -systems 2
FE2-MP2 1.12 0.84 Feenberg scaled version 3
SCS(MI)-MP2 0.40 1.29 special version for NCI? 24
SCSN-MP2 0.00 1.76 special version for NCI? 25
SCS-MP2-vdW 1.28 0.50 special version for NCI %
SCS-CCSD 1.27 1.13 general purpose 2
S2-MP 1.15 0.75 general purpose, new theoretical derivation 28

a Derived from calculations for the $222° set. The parameters are basis set dependent and values at the T-Q extrapolated level are given.

bwith a focus on nucleobase interactions.

¢Optimized for various ethene dimer structures.

SCS-CIS(D),3%31 SOS-CIS(Dyg,1)32734 and SCS-CC235 by

methods for excited states which are further discussed o

in SCS-CIS(D) and SCS-CC2 section. SCS-MP2 has ei =) (T = Ty )al jb), (4)

also been enhanced by adding a scaled third-order ab - o

MP energy correction,®® which has been dubbed SCS- ;= Z (jza,b - 7}[}“)(1'51 170), (5)

MP3 (for higher order corrections in SCS methods, see ab

Derivation Based on a Modified Perturbation Theory e; = Z 7;‘15(ia| ib). (6)

(§2-MP2) section; for scaling of the third-order MP " /

energy, see Ref 37). This review does not cover the
hundreds of SCS applications that have been pub-
lished since 2003 (and that are easily accessible by
modern Web-based tools) but focuses on the theory
and its further development.

THEORY

Phenomenological Description

The correlation energy can rigorously be separated
into contributions of electron pairs with same spin
(SS) and opposite spin (OS), which are treated equally
in the standard MP approach and that add to the total
correlation energy Ec:

Ec=EX +ESS, (1)
1 1
Egs=zzeij+zzez;, (2)
ij ij
EQ =3 "¢;. (3)
ij

Here, the sums run over all unique electron pairs ij
with individual correlation energies e, that are given

2 © 2012 John Wiley & Sons, Ltd.

Note that these equations are exact as long as the
exact double-excitation amplitudes T (which can be
interpreted as electron collision probabilities) are in-
serted. At the MP2 level, these are simply computed
as

(ialjb)

I v Ve
€it+e€—€—€p

; 7)
where 4/ and ab refer to occupied and virtual spin
orbitals, respectively, being of 8 spin when marked
with a bar, (ialjb) is a two-electron integral in charge-
cloud notation and € represents canonical HF orbital
energies.

The idea of the so-called SCS is based on the
insight that electron correlation of OS and SS elec-
tron pairs is fundamentally different. In a Slater de-
terminant, the probability to find two electrons at
the same spatial position is exactly zero if they have
the same spin, but generally nonzero for electrons
with opposite spin. This gives rise to the larger OS
correlation energy contribution connected with the
Kato-cusp®® and the well-known slow convergence
with the basis set.3? The SS electron pairs have on
average a larger interelectronic distance than the
OS pairs and hence, the OS energy contribution is
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FIGURE 1| Left: Ratio of OS and SS MP2 correlation energies versus the size of the triples correction in CCSD(T). Right: Same but versus the D1
diagnostic for nondynamic correlation effects in CCSD. The molecules are CHy, H, O, ethene, ethane, F,, N;, O3, S3, FOOF, and C4H,. All values
have been obtained with the cc-pVTZ* basis set for PBE0*3#°/cc-pVTZ optimized structures. The straight lines represent linear regressions with a

correlation coefficient of about 0.6 in both cases.

more connected with short-range (dynamic)- than
with long-ranged (static or nondynamic) correlation
whereas the opposite refers to the SS contribution.
This is shown empirically for a few examples given
below.

In the HF method (that actually corresponds
to the first-order energy (MP1) of the series), the
SS electron pairs are already correlated (Fermi hole),
whereas the OS pairs remain uncorrelated. Low (sec-
ond) order perturbation theory cannot fully correct
for this unbalanced starting point. Hence, the non-
HF-correlated pair contribution (OS) must be scaled-
up (it is underestimated in MP2), whereas the HF-
correlated contribution (SS) must be scaled-down ac-
cording to

Ec[SCS — MP2] = cos EQ5[MP2]
+ess ESPIMP2], (8)

where cos and csg are empirical scaling factors with
values of 6/5 and 1/3, respectively, which have been
obtained from a fit to a set of representative reaction
energies.'® For a theoretical derivation of the scal-
ing factors, see Derivation Based on a Modified Per-
turbation Theory (S2-MP2) section. This SCS-MP2
approach differs from standard MP2, where both
components contribute equally (i.e., cos = css =
1). Initially, it was shown that this simple correc-
tion gives performances in reaction energies com-
parable to the very accurate coupled-cluster-type
QCISD(T) method.'® The considerable improvement
was only little later verified for the computation of
barrier heights,*>*! geometries and harmonic vibra-
tional frequencies*? (see also Ref 43) and for weakly
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bound aromatic van der Waals complexes.** The per-
formance of the various SCS-MP2 variants on a mod-
ern thermochemical benchmark set (GMTKN30%)
will be discussed in the Assessment of SCS-MP2 Vari-
ants for Thermochemistry section.

The physically different behavior of the SS (re-
lated to triplet-coupled) and OS (related to singlet-
coupled) pair correlation energies (which forms the
basis of all SCS approaches) is already evident from
their different contributions in small molecules. The
magnitude of the ratio ESS[MP2]/ESS[MP2] is
taken in the following as measure for the importance
of static correlation effects, which is a problem in
standard MP2. In Figure 1, we compare this ratio
with two common wave function based measures of
nondynamic correlation (the size of the triples correc-
tion in CCSD(T) and the D1-diagnostic in CCSDj see,
e.g., Ref 46) for a few small molecules.

As can be seen from Figure 1, there is a clear
(but not quantitative useful) correlation between the
ESS[MP2]/ESS[MP2] ratio and the (T) correction
or the D1 diagnostic. This indicates that for typi-
cal considerations of chemical interest non-dynamic
correlation effects can be associated with an in-
creased ESS[MP2] portion. Note that this qualita-
tive picture does not change when, for example, the
EgS[CCSD]/EéS[CCS D] ratio is used in Figure 1.

We further want to illustrate this important
point here with the chemical example of saturated
and unsaturated hydrocarbon chains of different
length, that is, considering the series ethane, butane,
hexane up to decane in comparison with ethene,
butadiene to decapentene. Theoretically, one ex-
pects more pronounced long-range correlation effects

© 2012 John Wiley & Sons, Ltd. 3
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FIGURE 2| Left: Ratio of OS and SS MP2 correlation energies for alkanes and polyenes of different lengths. Right: Recovered basis set

correlation energy with respect to CCSD(T) for the same systems.

for the polyenes compared to the alkanes, which
should be dominated by short-range correlations.
For all molecules, we computed the ESS[MP2] and
ESS[MP2] correlation energies with the large TZVPP
AO basis set (using PBE-D3*$:°9/TZVP! optimized
structures), which is sufficient for our qualitative anal-
ysis purposes. The results are shown graphically in
Figure 2.

The plot shows the EQS[MP2]/ESS[MP2] ra-
tio, which varies only little for the larger alkanes
butane to decane. The values for the polyenes are
generally smaller, indicating larger SS contributions
which is expected for unsaturated molecules due to
the less-localized electronic structure. In the alkanes,
short-range OS correlations are dominating leading to
ratios >3.5. Values <3.2 — 3.3 for larger systems are
indicating significant nondynamic correlation effects.
Furthermore, the slopes of the curves are different.
While the ratio converges rather quickly to a limiting
value for the alkanes, the decrease is still sizeable for
the larger polyenes, indicating long-range (mostly SS)
correlations in the conjugated chain.

Because the SS contribution is typically overes-
timated at the MP2 level and it varies considerably
with system size or composition, standard MP2 pro-
vides unsystematic errors and outliers. This is seen in
the right part of Figure 2 where for the same systems
the relative MP2 and SCS-MP2 correlation energies
(compared to CCSD(T) with the same AO basis as
reference) are shown. While SCS-MP2 recovers an al-
most constant fraction of about 90.5-91.5% for all
systems, the value of MP2 changes considerably not
only with size but also, in a different manner for sat-
urated and unsaturated molecules. This unbalanced
treatment leads to inaccurate thermochemical prop-
erties, and its correction represents the main achieve-
ment of the SCS methods.

4 © 2012 John Wiley & Sons, Ltd.

SCS-MP2 and its modifications have become
very popular for the computation of noncovalent
interactions*> (NCI). Although SCS-MP2 apparently
solves some of the problems of MP2 in the descrip-
tion of stacked unsaturated complexes, on average
it neither does perform better for general NCI than
MP2°3 nor was ever intended for that purpose. SCS-
MP2 is a general electronic structure method that re-
moves (on average) many of the outliers of MP2 that
have a root in a biased description of the short- and
long-range electron correlation effects (the OS and SS
contributions to the correlation energy). Hence, SCS-
MP2 as MP2 still suffers from possible defects in the
underlying HF-reference determinant for, for exam-
ple, dissociation or spin-contamination (open-shell)
problems. Note further that the spin dependence of
the pair correlation energy should vanish for large
interelectronic distances, which requires that cgs +
cos = 2 (see MOS-MP2 section).

The basic SCS idea is illustrated in Figure 3,
where the effects of exchange and the correlation
components are shown.>*

In a formal sense, the SCS methods do not any-
more belong to the ab initio (i.e., systematically im-
provable) class of quantum chemical methods but
more to the first-principles methods like DFT, which
imply a few (as less as possible) global parameters
that can be motivated by theoretical arguments. Pa-
rameterizations of this kind are also used in the pop-
ular Gn family of theories.”> However, as the pure
ab initio approaches (but opposed to several compos-
ite methods), SCS-MP2 and its variants can be based
on a (scaled) wave function, which allows quantum
mechanical interpretation as well as straightforward
computation of properties other than the energy (e.g.,
nuclear or orbital derivatives; for orbital-optimized
(SCS)MP2, see Refs 18, 21, 56).
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FIGURE 3| Schematic description of the contributions of
exchange and correlation to electronic energies that are relevant for
the SCS-MP2 method. At the Hartree level, only the classical
electrostatic interactions of the electrons are considered. Including the
Pauli principle leads to Fermi correlation of SS electrons in HF theory,
whereas the 0S electron pairs remain uncorrelated. This biased
starting is corrected by the two SCS factors. Finally, an overall more
accurate (balanced) correlation energy than standard MP2 with respect
to the full configuration interaction (FCI) limit is obtained. Note that,
although the absolute SCS-MP2 correlation energy is similar to (or
even smaller than) MP2, on average it nevertheless yields more
accurate chemically relevant relative energies. (Reprinted with
permission from Ref 54. Copyright 2008 American Chemical Society.)

As already stated in the original publication,
SCS-MP2 can in fact be considered as a one (even
zero) parameter approach. This requires that the sum
of the scaled correlation energies in Eq. (8) should
be equal to the MP2 energy and the assumption that
EOS/ESS is ~3 for larger molecules one average (see
Figure 2). One arrives at

css =4 —3cos 9)

which would yield cgs = 0.4 for cos = 1.2. This lat-
ter value accounts approximately for the 20% un-
derestimation of the correlation energy by MP2 for
closed-shell two-electron systems such as He and H,,
which is textbook knowledge.**3"¢" Owing to the
generality of these considerations, this version could
be even regarded as “almost” nonempirical similar to
ab initio type density functionals like PBE.*8
SCS-MP2 is loosely related to older methods. In
the SAC (scaling-all-correlation)®! and PCI(80)% ap-
proaches, the total correlation energy of a particular
wave function method is scaled by a constant factor
which is always larger than unity. Because this type of
scaling mainly accounts for basis set deficiencies and
does not distinguish individual components of the un-
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derlying wave function, only moderate improvements
of the chemical energetics are observed.

Derivation Based on a Modified
Perturbation Theory (S2-MP2)
An SCS in correlated wave functions can be justified
by considering the underlying theoretical framework
of perturbation theory. To rationalize this, we briefly
repeat some of the fundamental ideas with a particu-
lar emphasis on less well-known facts:
Rayleigh—Schrodinger perturbation theory (RS-
PT) is one of the principal approaches in quantum me-
chanics. It was proposed by Erwin Schrédinger in the
third publication within his famous series of articles
that introduced wave mechanics in 1926.9 It is still
a standard tool in theoretical chemistry and physics
that is covered in basically any textbook of quantum
mechanics, the theory of atoms and molecules, and
computational chemistry (see, e.g., Refs 46, 57-60).
RS-PT can be defined by partitioning the full Hamil-
tonian H into a sum of an unperturbed Hamiltonian
A and its remainder HY, the perturbation. The un-
perturbed Hamiltonian has to be chosen as a Hermi-
tian operator fulfilling the zeroth-order perturbation
equation

HOgw O — gLy (10)

In the following, we shall assume that the approxi-
mated state is the ground state of the system, which
is not indicated with an index here. The idea of per-
turbation theory is that the energy and wave function
are expanded as sums of the corresponding perturbed
quantities

E=E9 4 E®O L E@ 4 ... (11)

=004 g4 e® 4. (12)

leading to the well-known set of equations of per-
turbation theory. In general, we are interested in the
summed perturbation energies of nth order, which are
given in the following by
n
EM=%"E". (13)
i=0
A major point of perturbation theory is “systematic
improvability,” which is the convergence of these
energies to the exact eigenvalue of the Schrodinger
equation. Systematic improvability marks still a sub-
stantial difference to approaches with a more empir-
ical nature as, for example density functional theory,
although divergence of the perturbation series has
been observed frequently and even in cases that were
before considered as noncritical 6466

© 2012 John Wiley & Sons, Ltd. 5
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Some facts about RS-PT have been uncovered
only recently and seem to be not yet broadly known.
As shown by Surjan and Szabados,?>®” the first
summed perturbation energies of odd order can be
written as the functionals

(0] A O)y
i (wOA)
Enp = E7 = (W0 wo) (14)
and
EB = Epp + (WO 4+ W — Eyp w© 4wy

(W (0) |y (0)y
(15)

The latter is well known as the coupled-electron-pair-
approximation zero (CEPA-0) functional.®®~7° If min-
imized with respect to the contributions of all possi-
ble doubly excited configurations in W, it leads to
the the same result as linearized coupled-cluster dou-
bles (LCCD) originally designated as LCPMET,”!>"2
doubly excited many-body perturbation theory of in-
finite order [DMBPT(c0)],”®> the OPT perturbation
theory,”* and retaining the excitation degree pertur-
bation theory of second or third order (RE2,3).7%-7¢
Equation (15) is also employed in the Davidson
correction,”” where W) is then set to the singles and
doubles of a configuration-interaction (CI) wave func-
tion.

The CEPA-0 functional is intimately related to
the method of Feenberg scaling.”®8% In the origi-
nal deviation, it was recognized that the unperturbed
Hamiltonian, H'*), multiplied with an arbitrary num-
ber, A, still fulfills the zeroth-order perturbation equa-
tion (10). Thus, it gives rise to a set of perturba-
tion equations and energies. Minimizing the summed
third-order energy with respect to A was shown to im-
prove the convergence of the perturbation theory. The
procedure can be generalized for several parameters in
H© .67 As we understand due to these works, Feen-
berg scaling modifies the summed first-order wave
function as to reproduce the CEPA-0 wave function
in an energy-weighted sense.

The first attempt to justify the SCS parameters
on the basis of perturbation theory was proposed by
Szabados?® employing a Feenberg scaling approach.
The unperturbed MP-Hamiltonian was written as a
sum of level shift operators

HO =" AxIK)(K], (16)
K+#0

where K stands for a doubly excited Slater determi-
nant (CDj’]«b with 7 and j (@ and b) representing occupied
(virtual) spin orbitals). A is its energy with respect
to the reference wave function and was chosen for all

6 © 2012 John Wiley & Sons, Ltd.
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doubly excited Slater determinants as

€ +ep—€ —€j
L —

At = (17)

Cabij

where € represents spin-orbital energies. Setting all
capij equal to 1 gives rise to the second- and third-order
MP energy contributions, whereas the SCS-MP2 re-
sult is obtained if ¢, is set to cos (css) if the indices
i and j have opposite spin (same spin). This definition
can also be used to evaluate the summed third-order
perturbation energy, which can then be written as a
function of cos and c¢gs. Minimization of E3! (Feen-
berg scaling) with respect to the SCS-parameters was
investigated for several molecules and basis sets. The
resulting cos values are consistently bigger than one
(1.02-1.15) and smaller than one for cgs (0.74-0.96).
In other words, the CEPA-0 functional is minimized if
the first-order MP coefficients of the same-spin doubly
excited Slater determinants are increased by a factor
of 1.02-1.15 while those of the same spin determi-
nants are decreased by a factor of 0.74-0.96. This
supports the change of the SCS parameters in SCS-
MP2 as compared with the choice in MP (cos = css =
1) if we assume that CEPA-0O provides a better esti-
mate for the doubly excited configurations than the
first-order perturbed MP wave functions. The latter
seems to be the case as shown by the good perfor-
mance of CEPA-0 with doubles for the reproduction
of the correlation energy®”’%7475 and by the success
of Feenberg scaling to improve the convergence of the
perturbation series.

Further insight into the relation of the SCS-MP2
method to a wave function approach has been given
by one of the present authors.?® As in the approach
of Szabados,?? an unperturbed Hamiltonian was de-
fined such that the second-order energy is identical
to that of SCS-MP2. However, this Hamiltonian con-
tains general operators and is thus applicable to Slater
determinants of any excitation degree. This made it
possible to investigate higher orders and the conver-
gence of the perturbation theory. As the orbital ener-
gies are a crucial part of the SCS-MP2 energy formula,
the unperturbed Hamiltonian must contain the Fock
operator, F, from which we subtract the zero-order
MP energy Eﬁ\g)l, = Y, 2¢;. Here i counts the canon-
ical spatial orbitals that are occupied in the closed
shell system. The z component of a spin operator
that acts only on the occupied orbital space S,(occ)
is employed to differentiate between doubly excited
SS and OS Slater determinants. The operator may be
represented as

$:(occ) = %Z(&jai —ala), (18)
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where 4; and 4] are annihilation and creation opera-
tors, respectively. Any Slater determinant is an eigen-
function of this operator with the eigenvalue of one
half of the number of electrons with « spin minus the
B-spin ones in the occupied orbitals. Accordingly, any
doubly excited Slater determinant is an eigenfunction
of the square of this operator with the eigenvalue of
zero (one) for OS (SS) excited determinants. Thus, the
unperturbed Hamiltonian

. 1 1 T\ P
o — [_ + <_ — —> Sf(occ)} (F — ENp)

cos \css  cos
(19)

has exactly the same eigenvalues for the reference
wave function and the doubly excited Slater deter-
minants as the operator given in Eq. (16) and leads to
the SCS-MP2 energy in second-order and to the same
third-order energy as in the work of Szabados.??

In Ref 28, a slightly different choice of the spin
part of this H® was chosen where the occupied
and virtual orbital spaces are treated on equal foot-
ing by substituting the Szz(occ)-operator in Eq. (19)
by %[Szz(occ) + Szz(virt)]. While this has advantages
when several orbital spaces are treated, it does not
make a difference for the present discussion.

The unperturbed Hamiltonian in Eq. (19) turns
the so far empirical SCS-MP2 approach into a sys-
tematic perturbation theory that is a true wave func-
tion based theory which was named S?MP. How-
ever, the corresponding first-order perturbed wave
function contains quintet spin contaminations. These
completely unphysical contributions can be avoided
by redefining the unperturbed Hamiltonian as

N 1 . N .
HO — (az + sz[Sz(occ) + Sz(virt)]> (F - Eﬂ\(/)l)P),

(20)

with a, = 1/cos and by = (cos — css)/[2cos(cos +
2css)]. This gives rise to a well-defined perturbation
theory that was dubbed S2-MP-PT.?8

These perturbation theories were investigated
for the H, O molecule in a DZ(d) basis showing, how-
ever, that the MP series converges better than S2MP
and much better than S>?MP if the original SCS-MP2
parameters cos = 1.20 and cgs = 1/3 are employed.
Thus, the erratic SZZMP theory was abandoned, and
the SCS parameters were redetermined for S2-MP the-
ory by (i) Feenberg scaling and (ii) fitting of the S2-MP
wave function to full CI reference values. Feenberg
scaling was done for several small molecules employ-
ing the correlation consistent basis sets cc-pVXZ (X =
D, T, Q) of Dunning.*’ For a set of small molecules at
equilibrium structures, the optimal cog (css) parame-
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ter in terms of Feenberg scaling decreases (increases)
with the size of the basis set converging to a value of
about 1.1 (0.8) well above (below) one. As Feenberg
scaling can be now understood as “fitting to CEPA-0”
and as we know that CEPA-0 is not the last answer
in terms of accurate wave functions, the fit to the full
CI wave function was also performed. This was done
for the summed first-, second-, and third-order S2-MP
wave function of the H,O and HF molecules to the
full CI counterpart as calculated with a DZ(d) basis.
The SCS parameters obtained by this approach de-
part more from the MP values than those of Feenberg
scaling. This led to the recommended S2-MP SCS pa-
rameters of cos = 1.15 and cgs = 0.75, which were
shown to lead to a significantly better converging per-
turbation series than the original MP-PT one.

Figure 4 provides a pictorial view on the SCS pa-
rameters as obtained from different approaches (see
Other SCS Methods section). It shows the cog and cgs
values of different SCS-MP2 approaches as well as
the line from Eq. (9). The ellipses marked as Ne, N,
and N, (7, + 20%) correspond to those SCS param-
eters where the third-order S2-MP energy for these
systems is 1 and 2 mE;, above its minimal value. It is
remarkable that most SCS parameters and the S2-MP
ellipses lie rather well on the line of Eq. (9). How-
ever, we find the SCS parameters (cos = 1.09 and
css = 0.85) for the Ne atom and (cog = 1.15 and
css = 0.82) for the nitrogen molecule at equilibrium
bond distance, which are actually nearer to the orig-
inal MP values (cos = css = 1) than to the SCS-MP2
parameters (cos = 1.20 and cgg = 0.33). This means
that the wave function corresponding to the SCS-
MP2 parameters is not optimal in the sense of Feen-
berg scaling (CEPA-0) and also not optimally fitting
the exact (full-CI) wave function, which is in about
at the S2-MP values (cos = 1.15 and cgs = 0.75).
However, for the S2-MP theory systems with a larger
amount of static correlation like the N; molecule with
a 20% increased bond length provide SCS parame-
ters (cos = 1.09 and cgs = 0.47) approaching the
SCS-MP2 values. This may indicate that the SCS pa-
rameters for SCS-MP2 theory are biased to describe
systems with a significant amount of static correlation
energy.

We mention briefly that there is no physical in-
terpretation for the SCS(MI)-MP2 and SCSN-MP2
parameterizations, which were optimized to represent
the noncovalent intermolecular interaction energy of
dimers. According to our present understanding, these
parameters have no reasonable explanation in terms
of the corresponding wave functions.

All attempts to derive a more fundamental theo-
retical background clearly demonstrate that MP wave

© 2012 John Wiley & Sons, Ltd. 7
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FIGURE 4| sS and 0S scaling parameters of different SCS variants
and the line given by Eq. (9) along which the spin-component scaled
MP2 energy stays roughly constant. For the neon atom and the N,
molecule at equilibrium bond distance and at a 20% stretched
geometry, the third-order 52-MP contour lines of £3! evaluated with
the cc-pVTZ basis are also shown. The inner and outer ellipses
correspond to 1 and 2 mE,, above the corresponding minimum value,
respectively.

functions can be improved by enhancing the contribu-
tion of (loosely speaking) opposite-spin double excita-
tions and decreasing that of the SS counterpart. How-
ever, theory predicts a more modest change of these
contributions than the SCS-MP2 parameterization.
Additionally, it has been recognized that the changes
in the spin-scaled contributions lead to unphysical be-
havior as it spoils the 1:3 ratio of the contributions
of singlet- and triplet-double excitations (1:1 for SS
and OS parts) to the van der Waals (London dis-
persion) interaction of nonoverlapping systems.?” Fi-
nally, the present S2-MP wave functions show wrong
Kato-cusp conditions,®® which are exact for the MP
counterpart.?®

Other SCS Methods

SOS-MP2
Soon after the SCS-MP2 proposal, Head-Gordon and
coworkers suggested to entirely neglect the SS part,

that is, to set cgg to zero
Ec[SOS — MP2] = cos ESS[MP2] (21)

leading to the spin-opposite-scaled MP2 method.!”
This choice can be motivated by the fact that the SS

8 © 2012 John Wiley & Sons, Ltd.
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correlation energy is already much smaller than the
OS part (by roughly a factor of three) and it is fur-
ther reduced in SCS-MP2 by a factor of 1/3. Thus,
SCS-MP2 mostly contains the important OS corre-
lation which is consequently kept in SOS-MP2, and
the discarded part is compensated by an increased
amount of OS correlation, that is, cos = 1.3 in-
stead of cos = 1.2 as in SCS-MP2. On the set of
reaction energies on which SCS-MP2 originally was
tested, SOS-MP2 yields even a slightly lower MAD of
1.7 kcal/mol (1.8 kcal/mol for SCS-MP2) albeit with
increased maximum and root mean square errors.!”
In any case, SOS-MP2 (as SCS-MP2) is much better
than MP2, which yields a mean absolute deviation
(MAD) of 3.2 kcal/mol on the same set of reactions.
On average, SOS-MP2 performs similar or slightly
worse than SCS-MP2 for most thermochemical prob-
lems of small molecules (for further discussion also
including large systems, see Assessment of SCS-MP2
Variants for Thermochemistry section).

The most intriguing observation in Ref 19 con-
cerns the analysis of the computational effort of SOS-
MP2. First, it is noted that the SOS-MP2 correlation
energy expression

b2
Ec[SOS — MP2] —COSZZ miib 22)

contains only Coulomb-type two-electron integrals
(ialjb) summed over occupied-virtual combined in-
dices ia and jb and A;’/b is the orbital energy differ-
ence. Because exchange-type integrals are not present
(i.e., SOS-MP2 only includes entirely local electron
correlation), this suggests a reduction of the formal
computational effort®® from O(N®) as in MP2 to
O(N*) similar to the reduction from O(N*) in nonlo-
cal Hartree—Fock (HF) down to O(N?) in Coulomb-
only, semilocal DFT by the RI approximation.

Based on works by Alml6f3? and Hiser®? it was
demonstrated in Ref 19 that this can be achieved by
the Laplace-transform identity 1/x = [;° dt exp(—xt)
so that

Ec[SOS — MP2] = —COS/ dtzz ialjb)*
0 ia

x exp (— Aft). (23)

If the integral in Eq. (23) is replaced by a numerical
quadrature (Ng = 6 — 10 grid points, index g) and
the two-electron integrals are expressed by RI, one
arrives at the following working equations:

—cos Z Z X%, Xb o (24)

Ec[SOS — MP2] =
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where Xk, are exponentially orbital energy weighted
three-index RI integrals in the MO basis for @ and
B spin, respectively, and KL denote the auxiliary
basis set. Because Np does not depend on the size
of the system, construction of the Xk; by matrix
multiplications becomes the computational bottle-
neck of this algorithm which, however, scales only
as O(N*). Head-Gordon and coworkers were able
to show that wHartree precision can be obtained for
E¢ in comparison with a conventional RI treatment
while at same time achieving significant speedups al-
ready for systems consisting of about 100 atoms.
An efficient implementation of SOS-MP2 gradients
has also been published by the same group.®* The
SOS-Laplace-transform technique has been imple-
mented for routine calculations into the Q-Chem®’
and TURBOMOLE?® software packages. It has been
extended recently to the CC2 (termed SOS-CC237)
and CIS(D) levels (dubbed SOS-CIS(D)3! and SOS-
CISD(g,1)??) also achieving fourth-order scaling for
excited state treatments (see also SCS-CIS(D) and
SCS-CC2 section).

MOS-MP2

One undesirable feature of both the SCS-MP2 and
SOS-MP2 methods is their incorrect physical de-
scription of the long-range correlation between two
nonoverlapping fragments which is important for var-
ious types of noncovalent interactions. In this long-
range regime for two closed shell systems, the SS and
OS components to the interfragment correlation en-
ergy should be exactly equal as in all MPn or coupled-
cluster theories. Therefore, in SCS methods

cos+css =2 (25)

should hold, which was first realized by Lochan
et al.?? Figure 5 shows a numerical example for the
behavior of the SS and OS components of the inter-
fragment correlation energy. Because both SOS- and
SCS-MP2 violate this condition, an underestimation
of the long-range dispersion energy by these meth-
ods can be expected, which is indeed found numeri-
cally for saturated complexes in the estimated basis set
limit*? and also seen clearly from the potential energy
curves in Ref 20. As already mentioned, SCS-MP2 ap-
parently solves some of the problems of MP2 in the
description of stacked unsaturated complexes, which,
however, is based in part on a favorable compensa-
tion of the systematic long-range error and the error
from the so-called uncoupled treatment of dispersion
in MP2.88

Lochan et al. proposed to solve the scaling prob-
lem at long-range by the standard range-separation
technique, which employs a modified two-electron re-
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FIGURE 5 | Potential energy curve for the argon dimer with
MP2/aug-cc-p5Z computed OS and SS correlation energy contributions.
The OS and SS parts asymptotically become equal (very similar values
are found at about >1.5 x R) but are significantly different in the
equilibrium region already for this simple system.

pulsion operator g, (r12) in the evaluation integrals in
the SOS-MP2 energy expression.”’ The authors have
chosen

gulria) = —— + cnos 2L g

712 712

By the requirement that the so defined MOS-MP2 en-
ergy equals its MP2 counterpart for r;; — o0, the
variable cyos can be fixed and a one parameter the-
ory with the range-separation factor w is obtained.
This ansatz ensures that all long-range electron corre-
lation (as mediated by (ialjb) integrals when the tran-
sition densities i@ and jb are spatially separated) is
included, whereas it is damped at a short range. Es-
sentially, this corresponds to a situation in which cog
in SOS-MP2 can vary between about 1.3 (“equilib-
rium”correlation) to the right value of two asymptot-
ically. When a typical value of w = 0.6 is chosen by a
standard fit to reaction energies and barrier heights, a
general-purpose method can be derived that keeps all
the nice properties of MP2 and SOS-MP2 but still be-
ing much better than MP2 on average. Physically, the
o cutoff means that two-electron integrals are scaled
by the right factor of two when 7y, is larger than
about 2 A. For a discussion of the empirical choice
of the cos parameter in SOS-MP2 for the interaction
of large stacked aromatic systems, see Ref 22 and the
next section on special SCS variants for noncovalent
interactions.

SCSN-MP2 and SCS(MI)-MP2
At the time of development of SCS-MP2, it was
already well known that standard MP2 shows a

© 2012 John Wiley & Sons, Ltd. 9
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quite mixed performance in the description of NCI
and that stacked aromatic systems are overbound
considerably.?*-*1 Already in the original publication,
it was noticed that SCS-MP2 performs extraordinar-
ily well for these problematic cases'® which was later
confirmed for various configurations of the benzene
dimer®? and larger aromatic complexes.”?

In the most interesting regime of overlap-
ping fragment densities (orbitals) near equilibrium
configurations, the OS and SS correlation (disper-
sion) energies are quite different (see Figure 5).
This was a motivation to search for combinations
of SCS scaling parameters that describe in par-
ticular NCI well. Note that this leads to special-
purpose methods that (opposed to, e.g., SCS-MP2)
should not be used for other properties. These
ideas have been put into practice independently by
Hill and Platts®® and Distasio and Head-Gordon?*
in the SCS(MI)-MP2 and SCSN-MP2 methods,
respectively.

The SCS(MI)-MP2 method has been fitted to the
$22% set of NCI complexes and at the cc-pV(TQ)Z
extrapolated level a very good MAD of 0.22 kcal/mol
has been obtained.”* The resulting parameters of
cos = 0.4 and cgg = 1.29 can be considered as some-
what unphysical because general considerations and
theoretical analysis shows that cos > 1 and ¢gs < 1
should hold (see Introduction and Derivation Based
on a Modified Perturbation Theory (S2-MP2) sec-
tions). In the SCSN-MP2 method,?* even cos = 0
and c¢gs = 1.76 is used which shows that slightly dif-
ferent sets of reference systems used for fitting can
lead to very different sets of optimal parameters.
This indicates that the corresponding error surfaces
are rather flat but in addition that one should apply
these fully empirical models with care to new systems.
The SCSN parametrization also achieves a very good
accuracy for S22 with an MAD of 0.27 kcal/mol.
For a similar parameterization derived from calcula-
tions for the ethene dimer dubbed SCS-MP2-vdW, see
Ref 26.

SCS-CIS(D) and SCS-CC2

As also similarly summarized in Ref 94, the CIS(D)**
method and its various spin-scaled variants3%3! can be
interpreted as a perturbative correction applied to a
configuration interaction singles (CIS) wave function,
thus introducing additional correlation effects to an
electronic excited state for which a CIS treatment has
been carried out. This involves, therefore, single and
double excitations with respect to a CIS determinant
or, equivalently, double and triple excitations with

10 © 2012 John Wiley & Sons, Ltd.
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respect to a HF ground-state determinant (®g). The
perturbative correction to the energy of an excited
state can be written as

E(SCS/S05-)CIS(D)
= (Wers | VI (cFSUPS + 7 05%) o)
+Hyers | V| (C(T)stos + 000 (27)

The first term in Eq. (27) is called “direct term” and
involves double excitations from the HF ground state
evoked by the operators U and Us*

os (@ | V| U, @) N
d) = o
Zazea+eb—e—e,—kwcjs 1

(28)

b o
(@77 [ V| Ui ®o) b

Zzea+€b_€z —€j —/\wczsq)i’

i<j a<b

UsSo, =

q>é?? | V| U ) -
-3 o (29)
Ga—I-Eb—G—E — Awcrs Y

i<j a<b

where i and j stand for occupied and @ and b for unoc-
cupied spin orbitals; B spin orbitals are indicated by a
bar, € is the respective orbital energy, and wc;ys is the
excitation energy from the previous CIS treatment. U,
creates a singles excitation from the reference deter-
minant.

The second term in Eq. (27) is dubbed “indirect
term” as it involves a single excitation of a “CIS-
active”electron (by U) and an additional double ex-
citation of “CIS inactive”electrons by the operators
705 and 59
Z Z _Ujllab) e (30)
o €t E— €& € tH

ij

(if || ab)

7SS ab
L %o = ZZE +€p— € —€; i
i<j a<b ¢
ij |l ab) 2
B ) D LA LR RN
€atep—¢€—e€; Y
i<j a<b

The original CIS(D)?’ approach is obtained if
all four scaling parameters 683 , cf,s , 25 and 3%, and
the additional damping factor A are set to unity (see
also Table 2).

In the first SCS-CIS(D) version,?® the scale
parameters for the “indirect term”were set to the

standard values ¢? =6/5 and ¢35 =1/3 and the
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TABLE 2| Values of the Five Adjustable Parameters in CIS(D) and
Its Different SCS and SOS Variants

CIS(D) 1 1 1 1 1
SCS-CIS(D)2003 1 1 6/5 13 1
SCS-CIS(D)* =0 154 0 6/5 13 0
SCS-CIS(D)* =" 1.24 0.43 6/5 13 1
S0S-CIS(D) 1.51 0 13 0 0

other parameters were left unchanged. This version
is dubbed SCS-CIS(D)2°93 in Table 2, but will not be
considered further. Rhee and Head-Gordon applied
the SCS idea also to the “direct term” and fitted the
necessary parameters on a training set, comprising
32 valence and 11 Rydberg excitations.?! They also
used a damping factor A = 0, for which the scale pa-
rameters resulted to be ¢® = 1.67 and ¢’ = —0.36.
The latter value is unphysical and hence was set to
zero. ¢% was then refitted to a value of 1.54. This
method is dubbed SCS-CIS(D)* =C in Table 2. It was
argued that with the chosen damping factor, a more
balanced description of valence and Rydberg exci-
tations could be achieved. In addition, values for cl(])s
and ¢} for A = 1 were also derived, although without
being published in 2007. This method is termed SCS-
CIS(D)* =! here and has physically reasonable values
for the scale factors. The actually first application of
the SCS-CIS(D) approach to a chemically relevant sys-
tem was carried out by Goerigk and Grimme and was
based on these latter parameters.”® Finally, Rhee and
Head-Gordon also extended the idea of spin-opposite
scaling to the CIS(D) method.3' Here the SS contribu-
tions are discarded and only opposite spin scaling is
applied, which leads similar to SOS-MP2 to a fourth-
order scaling behavior with the system size. The ac-
tual parameter values for this SOS-CIS(D) method are
also given in Table 2, for implementation of an ana-
lytical gradient for efficient geometry optimizations,
see Ref 33. Head-Gordon and co-workers also devel-
oped quasi-degenerate methods, dubbed SCS-CIS(Dy)
and SCS-CIS(Dy).%? Particularly the SCS-CIS(Dg) ap-
proach turned out to be very efficient and useful in ge-
ometry optimizations of excited states, allowing the
calculation of accurate emission spectra and a reli-
able description of excited-state dynamics in regions
near avoided crossings.>3* The SCS and SOS ideas
were also applied to the CC2 method, which is an ap-
proximation to CCSD, and it has become popular for
the calculation of excited state properties. Detailed
discussions about CC2, SCS-CC2 and SOS-CC2 can
be found in the literature®>%7-*7 and are not repeated
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here. We mention in our context that the SCS/SOS pa-
rameters enter the expression for the Jacobi matrix,
which is needed to obtain vertical excitation energies,
similarly to CIS(D). For the discussion of SCS-CC2
in Application of SCS-CIS(D) and SCS-CC2 to Large
Organic Dyes section, it is important to remember
that the scaling factors have the same values as in the
original SCS-MP2 and were not readjusted.

Multireference SCS-MP

The SCS concept has been applied in the con-
text of multireference perturbation theory (MR-PT).
Robinson and McDouall®® proposed a rather prag-
matic MR-PT approach. They employ HF or Kohn-
Sham orbitals of closed shell systems to set up a
multiconfiguration-reference wave function as all sin-
gle and all opposite-spin double excitations within a
given set of active orbitals. MR-MP calculations were
done with this reference wave function according to
the scheme of Hirao.”” This method was applied to 15
reaction barriers. With HF orbitals at the MR-PT/6-
311++G(3d2f,2df,2p) level MAD of the reaction bar-
riers amounts to only 2.05 kcal/mol. Robinson and
McDouall recognized that SCS is only unambiguous
for all double excitations where two electrons are ex-
cited from the inactive or put into the virtual orbitals.
Thus SCS was only applied to these excitations. Min-
imizing the MAD of the calculated reaction barriers
with respect to the SCS parameters gave rise to a MAD
value of 1.27 kcal/mol and cog = 1.20 and ¢g5 = 0.31
in close agreement with Grimme’s original values.

Szabados and Nagy!?® employed an approach
that is more related to the underlying theoretical
framework by making use of Feenberg scaling for var-
ious parameters in the MP-PT treatment. In contrast
to the approach of Robinson and McDouall,”® SCS
was also applied for, for example, active—active dou-
ble excitations. Altogether, this approach improved
the calculated results for the dissociative potential en-
ergy curves of the BH and N, molecules, the singlet—
triplet splitting energy of the CH, molecule, and
the reaction barrier for the isomerization reaction
HCN — CNH. However, the options of allowing
for SCS in the different excitation classes give rise to
a large number of variants of this approach and it was
not possible to extract fixed and generally applicable
SCS parameters.

Relations to DFT

One of the ground-breaking developments in DFT
was introduced by Becke in 1993'°! with the so-called
global hybrid functionals. Motivated by the adiabatic
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connection theory,!%? one replaces in the expression
for the total exchange-correlation energy E,. a part
of the (semi)local density functional exchange energy
EDE by the corresponding nonlocal (NL) HF term
ENE| that is

Eye = (1 —a,)EPF 4+ a4, ENV + EPF (32)

where a, is an empirical mixing parameter and EPF
represents the (semi)local DF correlation energy. The
most widely used B3LYP!03194 functional belongs to
this class of methods.

Quite logically, the same procedure can be ap-
plied to the correlation energy based on the physical
insight that the DFT correlation energy contains a
NL component as well. This idea has been put into
practice not until 2006 with the now so-called double-
hybrid functionals (DHDFs) of which B2PLYP'% was
the first one (for a related but conceptually different
mixing of DFT and wave function components, see
Ref 106). The general form for E,. in DHDFs reads

Ey = (1 - ax)Ei)F +ain\[L
+(1 — a.)EPY +a, ENE (33)

where a, is the second empirical mixing pa-
rameter and ENL represents analogously a NL,
orbital-dependent contribution. The DHDF concept
can be derived from Goérling-Levy perturbation
theory.'%7108 It was recently reformulated rigorously
based on adiabatic connection theory,'? which leads
to an effective one-parameter approach by setting
a, = a? (or a. = a3, Ref 110).

The first DHDFs are all based on a full MP2-
type calculation for ENL using the Kohn-Sham or-
bitals and orbital energies from the hybrid-part
SCF calculation and neglecting the (small) singles
contributions.!”® The MP2 term in B2PLYP as de-
termined by a fitting to a thermochemical data base is
scaled by a. = 0.27 (which is close to the theoretically
expected value of a, = 0.53% = 0.28). Effectively the
NL contribution is larger due to diminished KS orbital
energy differences.*> Nevertheless, it dramatically im-
proves the accuracy and DHDFs are currently by far
the most accurate DFT methods available.*5-11!

Recently published DHDFs also make the use of
spin scaling ideas*>!12~115 meaning that the EN" MP2
part contains the scaled OS and SS terms as in SCS-
MP2 or even only the OS one as in SOS-MP2. In As-
sessment of SCS-MP2 Variants for Thermochemistry
section, results will be shown for the DSD-BLYP!!3
and PWPB95* functionals. The first one contains the
same DFT ingredients as B2PLYP and just uses an
SCS for the perturbative correlation part. PWPB9S

12 © 2012 John Wiley & Sons, Ltd.
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is based on modified Perdew-Wang exchange and
Becke95 correlation and includes the scaled OS part.
In passing, it is noted that most variants of the so-
called random phase approximation (RPA) in DFT
for the NL correlation energy also contain only OS
correlation contributions (see, e.g., Ref 116).

APPLICATIONS AND BENCHMARKS

Assessment of SCS-MP2 Variants for

Thermochemistry

Numerous applications of SCS-MP2 are known in the
literature, and some of these were already mentioned.
In the following, we will concentrate on a very thor-
ough benchmark of spin-scaled MP2 methods.

In 2011, Goerigk and Grimme published the so-
called GMTKN30 database, which is a collection of
30 previously published or newly developed bench-
mark sets for general main group thermochemistry,
kinetics, and noncovalent interactions (hence the ab-
breviation GMTKN).*>!17 In total, it comprises 1218
single point calculations and 841 data points (relative
energies). The subsets of GMTKN30 can be divided
into three major sections. These are basic properties
[e.g., atomization energies, electron affinities, ion-
ization potentials, proton affinities, self-interaction
error (SIE) related problems, barrier heights], vari-
ous reaction energies (e.g. isomerizations, Dies—Alder
reactions, ozonolyses, reactions involving alkaline
metals), and noncovalent interactions (water clus-
ters, relative energies between conformers, and inter-
and intramolecular interactions). Reference values for
all subsets are based on highly accurate theoreti-
cal or experimental data, for details see the original
reference.* GMTKN30 had originally been devel-
oped as cross-validation of newly developed general
purpose density functionals.*>!'1” Later, it was suc-
cessfully used in shedding light into the performance
of the plethora of available functionals.''! Consider-
ing that MP2 methods are still often used and some-
times favored over DFT methods, the latter study also
investigated these methods and we will give a short
review of these results.

As handling the large number of statistical val-
ues for GMTKN30 turned out to be unpractical, a
so-called weighted total mean absolute devia-
tion (WTMAD) was defined, which combines all
30 MADs to one final number. For every subset, the
size and “difficulty”is taken into account by a factor
with which each MAD is scaled. Finally, the average
is taken for these scaled MADs. WTMADs can be
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FIGURE 6| WTMADs of various MP2 variants and two double-hybrid density functionals in kcal/mol for the basic properties (a), the reaction
energies (b), the noncovalent interactions (c) and the complete GMTKN30 set (d). “TZ level” stands for (aug-)def2-TZVPP; “QZ level” for
(aug-)def2-QZVP. CBS extrapolations are based on these two levels. The numbers show values at the CBS limit for the wave function based
methods and at the quadruple-¢ level for the double hybrids. Values were taken from Ref 111.

calculated for the entire database or for each of its
three subsections.

MP2, SCS-MP2, S2-MP2, and SOS-MP2
calculations were performed with Ahlrichs’ (aug-)
def2-TZVPP and (aug-)def2-QZVP basis sets and ex-
trapolations to the CBS limit were based on these
(a cross-check with Dunning basis set based extrap-
olations revealed no significant differences). Figure
6 shows WTMADs for the complete GMTKN30
database and its three subsections.

Although not shown in Figure 6, it is noted in
passing that HF has a huge WTMAD of 18.5 kcal/mol
for the complete GMTKN3O0 test set and as expected
this is reduced tremendously by adding the various
perturbative corrections. The results in Figure 6 also
reflect the basis set dependence of MP2 methods,
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with MP2 having the largest dependence compared
to the spin-scaled versions. Even at the quadruple-¢
level, the results are not necessarily close to the CBS
limit. As MADs and WTMADs are considered, this
has sometimes the effect that the quadruple-¢ results
show on average larger deviations than triple-¢ re-
sults. Considering that sometimes non-CBS MP2 re-
sults are used as (poor) reference values (see, e.g.,
Ref 118), one has to bear in mind this basis set
dependence, and thus we always recommend to
analyze MP2 results at the CBS limit whenever
possible.

In the following, only the results at the CBS limit
will be discussed (as also indicated by the numbers in
Figure 6). For the basic properties (Figure 6(a)), we
clearly see an improvement of 0.6 kcal/mol, when
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going from MP2 to SCS-MP2. However, S2-MP2
and SOS-MP2 show larger WTMADs than MP2 (by
0.7 kcal/mol). On the one hand, the lower SS con-
tribution in SCS-MP2 seems to be beneficial when
compared to S2-MP2. On the other hand, however, a
total neglect like in SOS-MP2 leads also to larger devi-
ations. Problematic cases for all MP2 methods are in
particular atomization energies (the so-called W4-08
test set), for which $2-MP2 and MP2 give rather bad
MADs of 11.8 and 8.7 kcal/mol. But also SCS-MP2
and SOS-MP2 are with about 6 kcal/mol still far away
from the best DFT results (double-hybrid functionals
yield MADs of 2 kcal/mol or lower). A second prob-
lematic case for this part of GMTKN30 were barrier
heights, particularly of pericyclic reactions (the so-
called BHPERI test set). Whereas SCS-MP2 gives a
very good result of 1.4 kcal/mol, the other methods
are in a range of 4-6 kcal/mol.

For the reaction energies (Figure 6(b)), SCS-
MP2 performs best of all MP2 versions with an WT-
MAD of 1.8 kcal/mol. Its good performance is seen
for almost all of the 12 test sets for reaction en-
ergies. Particularly well described by SCS-MP2 are
Diels—Alder reactions and alkane bond separation
reactions, with MADs being in the range of the
CCSD(T) reference values (0.8 and 0.6 kcal/mol, re-
spectively). Also close to that accuracy are the test
sets for various organic isomerizations and frustrated
Lewis pair like adducts. The other MP2 methods all
perform worse than SCS-MP2. Particularly, the afore-
mentioned Diels-Alder and bond separation reactions
are worse described by on average 2-3 kcal/mol.
For noncovalent interactions, previous findings®3 are
confirmed that SCS-MP2 underestimates hydrogen
bond strengths (MD = —6.2 kcal/mol; MAD =
6.3 kcal/mol for a test set comprising 27 water clus-
ters), but corrects for the overestimation of MP2 for
dispersion-dominated unsaturated complexes. For ex-
ample, the MAD for S22 is 0.66 kcal/mol compared
to about 0.8 kcal/mol for MP2. Also intramolecular-
dispersion effects seem to be better described by
SCS-MP2 than by MP2 (MAD = 2.5 kcal/mol vs.
4.6 kcal/mol for a test set comprising six intramolec-
ular interaction energies). The higher total WTMAD
for the noncovalent interactions compared to MP2
(1.15 kcal/mol vs. 0.90 kcal/mol) can be explained
mainly by the large MAD for the water test set. For
the complete set, SCS-MP2/CBS has a WTMAD of
2.9 kcal/mol.

For reaction energies, the WTMAD of S2-MP2
lies between MP2 and SCS-MP2 (2.6 kcal/mol).
Noncovalent interactions are on average better de-
scribed than with MP2 and SCS-MP2 with a WT-
MAD of 0.80 kcal/mol. Averaged over all 30 test

14 © 2012 John Wiley & Sons, Ltd.
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sets, though, S2-MP2 is comparable with MP2 (WT-
MAD = 3.7 kcal/mol). SOS-MP2 has in all cases
higher WTMADs than SCS-MP2, which shows that
part of the SS correlations are chemically impor-
tant. The value at the CBS limit for the complete
set is 3.8 kcal/mol. As mentioned above, Head-
Gordon and coworkers reported in 2005 that long-
range interactions are not fully covered by SOS-
MP2 (see MOS-MP2 section). GMTKN30 con-
tains relatively large molecules, which is a pos-
sible explanation for the modest performance of
SOS-MP2.

Figure 6 also shows results for the best two
density functionals in a benchmark study of 47 vari-
ous DFT methods. These two functionals are double-
hybrid functionals, which also make use of SCS-MP2
(in the case of the DSD-BLYP-D3 method) and SOS-
MP2 type scaling (PWPB95-D3). In contrast, to the
wave function based methods, the OS-only treatment
in PWPB95 does not worsen the results. This can
be explained by the semilocal B9S correlation func-
tional, which (in contrast to LYP) already incorpo-
rates SS correlation at short range. The correct de-
scription of correlation effects in the medium and
long-range regime is assured by the DFT-D3 dis-
persion correction,’® which has also to be applied
to double-hybrid functionals to obtain accurate re-
sults for larger systems and noncovalent interactions.
Both double-hybrid methods (results based on the
quadruple-¢ level) outperform the MP methods. It
should also be noted that their basis set dependence
is smaller than for MP2 methods. Compared to DFT,
MP2 methods can only compete for reaction energies,
particularly SCS-MP2. We recommend to use spin-
scaled MP2 whenever large self-interaction errors are
expected (e.g., for barrier heights or large, electroni-
cally delocalized systems). These findings also demon-
strate nicely that the SCS idea can easily be applied to
DFT schemes and that it also leads to improvements
there.

Application of SCS-CIS(D) and SCS-CC2 to
Large Organic Dyes

The accurate description of the electronically excited
states of large organic dyes is a challenging task
for modern quantum chemistry. One current aim
in this field of research is to correctly predict abso-
lute excitation energies within an error of + 0.1 eV
(chemical accuracy) for large chromophores [20-30
(or more) non-hydrogen atoms]. In 2009 and 2010,
Grimme and coworkers introduced a benchmark
set of 12 structural diverse large organic dyes (see
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FIGURE 7| Chemical structures of the dye benchmark set.**'1®

Figure 7).”%'" Only the lowest lying, most bright
7 — m* vertical transitions in the gas phase were
considered. Reference values were based on exper-
imental 0-0 transitions in solution that were back
corrected for vibrational and solvent effects. The
accuracy of these data was estimated to be £0.1 eV.
This benchmark set served for analyses of various
TD-DFT and wave function based methods, includ-
ing spin component scaled versions of CIS(D) and
CC2.94’119

Herein, we will give short review of those anal-
yses and we will focus mainly on the wave function
based methods. Mean deviations (MD) and MADs

Volume 00, January/February 2012
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are given in Figure 8. As explained above, CIS(D)
is a perturbative correction to a CIS reference. Al-
though not shown in Figure 8, we note that CIS
severely overestimates the excitation energies, yield-
ing an MAD of 0.77 eV and a large error range of
0.42-1.27 V.

The CIS(D) methods reduces the deviations
from the reference, but with an MD and MAD of
0.25 eV, the method still systematically overestimates
the excitation energies. The three spin-scaled methods
perform better than the original method. All transi-
tion energies are red-shifted compared to CIS(D), as
can also be seen in the MDs. The error ranges are
very similar to —0.30 to 0.74 eV [SCS-CIS(D)* =°],
—0.30 to 0.67 eV [SCS-CIS(D)* =!], and —0.36 to
0.70 eV [SOS-CIS(D)]. SCS-CIS(D)* =° has an MD of
0.13 eV for the complete set, SOS-CIS(D) 0.07 eV,
and SCS-CIS(D)* =! has the lowest MD with 0.03 eV
(see Figure 8). The MADs, though, are all similar
with 0.20 eV [SCS-CIS(D)* =°] and 0.19 eV [SCS-
CIS(D)* =! and SOS-CIS(D)]. Thus, applying SCS to
the CIS(D) correction gives a clear improvement.
We also want to mention that in a previous study
SCS-CIS(D)* =! showed excellent performance for the
description of an exciton coupled circular dichroism
spectrum of a dye aggregate.”®

Figure 8 also displays the results of the best two
TD-DFT approaches, the double-hybrids B2PLYP
and B2GPPLYP.!9%120:121 The spin component scaled
CIS(D) approaches compete with the TD-B2PLYP
method (MAD = 0.20 eV) but are not as good as
TD-B2GPPLYP, which is close to chemical accuracy
(MAD = 0.16 €V).

Finally, CC2 and its SCS version are compared.
CC2 yields chemical accuracy in six of 12 cases but,
nevertheless, it has a rather large error range from
—0.48 to 0.51 eV. As the errors for the outliers
have opposite signs, they cancel each other out in
the statistical analysis and a very small MD is ob-
tained. The MAD for the complete set is 0.17 €V,
which is slightly better than the SCS-CIS(D) methods.
For SCS-CC2, the states are blueshifted compared
to CC2. The errors range from —0.23 to 0.77 eV.
The MD and MAD both increase when compared
to CC2 (0.15 and 0.20 eV, respectively). Thus, for
low-lying excited states of large dyes, no substantial
improvement can be observed when the SCS is ap-
plied to the CC2 method. However, the SCS param-
eters in SCS-CC2 were not fitted. In analogy to the
SCS-CIS(D) methods, improved results for a read-
justed SCS-CC2 version can be expected. We also
remark that Hellweg et al.>> have already argued
that a systematic improvement of SCS-CC2 over CC2
cannot be expected for vertical excitation energies.

© 2012 John Wiley & Sons, Ltd. 15
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They could show, though, that due to better excited
states geometries and vibrational frequencies, more
accurate 0-0 transition energies for 7 — 7* and
n — w* excitations in general organic molecules are
obtained with SCS-CC2 (for a recent example, see
Refs 122, 123).

CONCLUSIONS

Since more than 8 years of their development and ap-
plication, SCS methods have established themselves
as robust electronic structure methods in quantum
chemistry. For example SCS-MP2 and SCS-CC2 are
routinely used for ground- and excited state prob-
lems, respectively, when DFT methods are known to
fail or for checking purposes. Specially parameter-
ized versions like SCS-MI-MP2 for noncovalent in-
teractions are a viable alternative to DFT for many
“weakly”bound systems. When the SS terms are ne-
glected entirely as in SOS-MP2, substantial savings of
computation time can be realized for large systems. In
these “OS-only”methods a deep connection between
simple wave function theory and orbital-dependent
density functionals becomes apparent.

The success of the scaling procedure is based
on two facts. The SS electron pairs have on average
a larger interelectronic distance than the OS pairs,
and, hence, OS correlation is preferentially related
with short-range (dynamic) effects whereas SS corre-
lation is more long ranged (nondynamic). This SS type
of correlation is systematically overestimated by stan-
dard MP2 also because of the biased HF starting point
and can be (partially) replaced by (upscaled) OS corre-
lation. This represents the essence of all SCS methods.

16

© 2012 John Wiley & Sons, Ltd.

It is corroborated numerically and theoretically by de-
riving the corresponding scaling factors that should
fulfill the restrictions cos > 1 and 0 < cgs < 1 in the
overlapping regime and in addition asymptotically for
large interelectronic distances cos + css = 2 should
hold. The SCS methods that significantly violate these
conditions can be considered as special purpose type
approaches.

If the simple SCS methods like the original SCS-
MP2 are applied to “real”chemical systems, the user
should always keep in mind that they are based on
a HF reference state. It should be clear that the SCS
technique can only remedy systematic problems of
HF-based perturbation theory but cannot cure a fun-
damental breakdown in electronically complicated
situations (for which more robust DFT methods or
wave function based multireference treatments should
be employed).

SCS can be rationalized with the underlying the-
oretical framework of perturbation theory. Present
results indicate that there is a good chance to de-
velop even more improved wave function based the-
ories by eliminating characteristic errors of the MP
approach in a form that retains the required bound-
ary conditions. We note that an important progress
of DFT is due to the incorporation of accurate wave
function properties from, for example the homo-
geneous electron gas'?* or of the helium atom!?®
into exchange correlation functionals. The idea of
SCS initiated a similar development in the con-
text of wave function based methods. This issue is
presently under investigation in our groups, and we
believe that it will not only lead to improved meth-
ods but also to a better understanding of electronic
structure.

Volume 00, January/February 2012
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