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We evaluate the performance of standard and modified MPn procedures for a wide set of thermochemical
and kinetic properties, including atomization energies, structural isomerization energies, conformational
energies, and reaction barrier heights. The reference data are obtained at the CCSD(T)/CBS level by means
of the Wn thermochemical protocols. We find that none of the MPn-based procedures show acceptable
performance for the challenging W4-11 and BH76 databases. For the other thermochemical/kinetic data-
bases, the MP2.5 and MP3.5 procedures provide the most attractive accuracy-to-computational cost
ratios. The MP2.5 procedure results in a weighted-total-root-mean-square deviation (WTRMSD) of
3.4 kJ/mol, whilst the computationally more expensive MP3.5 procedure results in a WTRMSD of
1.9 kJ/mol (the same WTRMSD obtained for the CCSD(T) method in conjunction with a triple-zeta basis
set). We also assess the performance of the computationally economical CCSD(T)/CBS(MP2) method,
which provides the best overall performance for all the considered databases, includingW4-11 and BH76.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

1.1. MP2-based procedures

The Møller–Plesset perturbation theory (MPn) energy can be
written in terms of the Hartree–Fock energy (EHF) and the correla-
tion energy components:

EMPn ¼ EHF þ Eð2Þ þ � � � þ EðnÞ ð1Þ
Where E(n) is the nth-order correction to the correlation energy.

The second-order correction (E(2)) can be further partitioned into:

Eð2Þ ¼ ESS þ EOS ð2Þ
where ESS and EOS are the same- and opposite-spin contributions to
the MP2 correlation energy, respectively. A number of MP2-based
methods have been developed over the past decade [1], in which
the various correlation contributions are scaled by empirically or
theoretically motivated scaling factors in order to improve the per-
formance of the method. The first modified MP2-based procedure
(SCS-MP2) was proposed by Grimme [2,3]. In this procedure the
same- and opposite-spin components of the MP2 correlation energy
are scaled separately by coefficients of css = 1/3 and cos = 6/5,
respectively. This significantly improves the performance of MP2
for thermochemistry [2,4]. For example, for the set of 51 reactions
against which the SCS-MP2 method was initially benchmarked, this
simple scaling procedure reduces the root-mean-square deviation
(RMSD) by 50%, from 19.3 (MP2) to 9.6 kJ mol–1 (SCS-MP2).

More recently, the SCS-MP2 procedure was benchmarked
against an extensive set of reaction energies including isomeriza-
tion, Diels-Alder, and ozonolyses reactions, which are subsets of
the GMTKN30 database [5,6]. Against these benchmark sets, the
SCS-MP2method obtains a weighted total mean absolute deviation
(WTMAD) of 7.5 kJ mol–1, while MP2 results in a WTMAD which is
roughly twice as large (namely, 15.1 kJ mol–1) [1,5]. However, for
the subsets of basic properties of the GMTKN30 database,
which includes atomization energies, electron affinities, ionization
potentials, proton affinities, and barrier heights [5,6], the WTMAD
of SCS-MP2 (21.3) is only 11% smaller than that of MP2
(23.8 kJ mol–1) [1]. We note in passing that Grimme also showed
that the performance for both SCS-MP2 and MP2 can be signifi-
cantly improved for heats of formation of large main group com-
pounds by using an empirical higher-level-correction scheme [7].
Similarly, for the set of C8H8 isomerization energies, SCS-MP2 rep-
resents an appreciable improvement over MP2 with RMSDs of 7.9
and 13.4 kJ mol–1, respectively [8]. Izgorodina et al. evaluated the
performance of MP2-based methods for the prediction of a range
of C–X (X = H, C, O, and F) bond dissociation energies (BDEs) [9].
They found that the SCS-MP2 method results in a mean absolute
deviation (MAD) of 8.7 kJ mol–1, which provides a significant
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improvement over MP2 for which an MAD of 19.6 kJ mol–1 is
obtained. The SCS-MP2 procedure was also found to give excellent
performance for the dispersion-driven isomerization of n-octane to
hexamethylethane [10,11]. The SCS-MP2 isomerization energy
(–5.6 kJ mol–1) is in good agreement with the experimental value
of –7.9 kJ mol–1, while the MP2 method predicts an isomerization
energy of –18.1 kJ mol–1 [10].

We have recently assessed the performance of the SCS-MP2
method for isomerization reactions involving migration of a double
bond, which breaks the conjugated p-system [12,13]. For the set of
60 diene isomerization energies (the so-called DIE60 database),
SCS-MP2 attains a stellar performance with an RMSD of merely
1.0 kJ mol–1, while MP2 results in a larger RMSD of 2.7 kJ mol–1

[12]. Similar results were obtained for isomerization reactions in
enones (i.e., the EIE22 database) [13]. In addition, for the relative
energies of the 52 conformers of melatonin, SCS-MP2 yields superb
performance with an RMSD of 0.9 kJ mol–1, while MP2 results in an
RMSD of 3.8 kJ mol–1 [14].

What about the performance of the SCS-MP2 method for reac-
tion barrier heights? For the set of 26 pericyclic reactions in the
BHPERI database [5,6], the SCS-MP2 method gives an RMSD of
5.9 kJ mol–1. This represents a significant improvement over the
MP2 method, which results in a whopping RMSD of 33.5 kJ mol–1

[15]. However, for other benchmark sets of reaction barrier
heights, less dramatic improvements are obtained. For the set of
20 cycloreversion barrier heights in the CRBH20 database [16],
the SCS-MP2 and MP2 methods result in RMSDs of 17.2 and
23.7 kJ mol–1, respectively. For the set of 27 reactions in the
water-catalyzed proton-transfer (WCPT) tautomerization database
[17], SCS-MP2 and MP2 provide similar performance with MADs of
9.0 and 9.9 kJ mol–1, respectively. It should be pointed out that for
this database MP2 systematically underestimates the reaction bar-
rier heights, while SCS-MP2 systematically overestimates them.
Similarly, for the set of reaction barrier heights for multiple proton
exchanges in water clusters in the BHPE13 database [18] SCS-MP2
and MP2 show similar performance with MADs of 15.5 and
14.6 kJ mol–1, respectively. Where again, MP2 systematically
underestimates the reaction barrier heights and SCS-MP2 system-
atically overestimates them.

Shortly after the development of the SCS-MP2 method, Head-
Gordon et al. proposed the SOS-MP2 method [19]. SOS-MP2 com-
pletely neglects the same-spin contribution to the MP2 correlation
energy (with css = 0), while the opposite-spin contribution is scaled
by cos = 1.3. The SOS-MP2 method generally shows similar perfor-
mance to the SCS-MP2 procedure for thermochemical properties
[1,7,9,19] at an appreciable reduction of the computational cost
(the SOS-MP2 method exhibits asymptotic CPU time scaling pro-
portional to n4, while SCS-MP2 and MP2 exhibit asymptotic CPU
time scaling proportional to n5, where n is the number of electrons
in the system). In this context, the work of Fink on the S2-MP2
method must also be mentioned. The S2-MP2 method uses same-
and opposite-spin scaling factors of css = 0.75 and cos = 1.15, respec-
tively, which are motivated theoretically by Feenberg’s scaling
approach [20]. It has been shown that the S2-MP2 procedure gives
poorer performance for atomization energies (with an MAD of
49.4 kJ mol–1) than the MP2 procedure (MAD = 36.4 kJ mol–1).
However, for the reaction energies subset in the GMTKN30 data-
base, S2-MP2 yields a WTMAD of 10.9 kJ mol–1 which lies midway
between SCS-MP2 (7.5) and MP2 (15.1 kJ mol–1) [1,6].

1.2. MP3-based procedures

The first modified MP3-based procedure (SCS-MP3) was devel-
oped by Grimme shortly after the development of the SCS-MP2
procedure [21]. In this procedure a scaled third-order correction
is added to the SCS-MP2 energy:
ESCS�MP3 ¼ ESCS�MP2 þ 0:25� Eð3Þ ð3Þ
Where the 3rd-order correction to the correlation energy (E(3))

is scaled by a coefficient of 0.25. The SCS-MP3 procedure was ini-
tially assessed against a benchmark set of 32 isogyric reaction
energies, 11 atomization energies, and 11 stretched geometries.
In all cases, SCS-MP3 outperforms SCS-MP2, MP2, and MP3. More
specifically, for the set of isogyric reaction energies the following
MADs were obtained: 5.4 (SCS-MP3), 7.9 (SCS-MP2), 17.2 (MP2),
and 20.5 kJ mol–1 (MP3). For the set of atomization energies the
following MADs were obtained: 10.9 (SCS-MP3), 23.8 (SCS-MP2),
32.2 (MP3), and 33.1 kJ mol–1 (MP2). However, for a number of
benchmark sets the SCS-MP3 and SCS-MP2 methods have been
found to give similar performance. These include the following
databases (RMSDs for SCS-MP3 and SCS-MP2 are given in paren-
thesis, respectively): the set of C8H8 isomerization energies
(7.1 and 7.9) [8], the DIE60 database (0.9 and 1.0) [12], and the
EIE22 database (1.0 and 0.8 kJ mol–1) [13].

The SCS-MP3 method was also assessed for a number of data-
sets of reaction barrier heights. However, it shows similar or even
poorer performance compared to SCS-MP2. The assessed bench-
mark sets include (RMSDs for SCS-MP3 and SCS-MP2 are given in
parenthesis, respectively): the CRBH20 database (17.8 and 17.2)
[16], the BHPERI database (10.0 and 5.9) [15], and the BHPE13
database (24.8 and 16.4 kJ mol–1) [18].

Another MP3-based procedure is the so-called MP2.5 method –
a simple arithmetic average of MP2 and MP3 – proposed by Hobza
et al. for weak interactions [22]:

EMP2:5 ¼ 0:5� ðEMP2 þ EMP3Þ ð4Þ
MP2.5 has been initially tested for the 22 H-bonded, dispersion-

controlled, and mixed non-covalent complexes in the S22 database
[23]. It was shown that the performance of MP2.5 is superior to the
spin-component scaled MP2-based methods, e.g. SCS-MP2 and SCS
(MI)-MP2 [22,24]. The MP2.5 procedure results in an RMSD of
merely 1.0 kJ mol–1 for the S22 database (cf. RMSDs of 5.1 for
MP2, 3.4 for MP3, and 3.1 for SCS(MI)-MP2). The MP2.5 procedure
also provides excellent performance for the database of barrier
heights involving multiple proton exchanges in water clusters,
with an overall RMSD of merely 2.1 kJ mol–1 (cf. RMSDs of
16.4 kJ mol–1 for SCS-MP2 and 24.8 kJ mol–1 for SCS-MP3) [18].
This outstanding performance is due to the fact that MP2 system-
atically underestimates the barrier heights, while MP3 systemati-
cally overestimates them by similar amounts. However, for other
databases of barrier heights, e.g., the CRBH20 [16] and BHPERI
databases [15], MP2.5 provides no significant improvement over
SCS-MP2 and SCS-MP3.

1.3. MP4-based procedures

Two MP4-based procedures have been recently proposed,
MP3.5 and MP4avg [15,16,25]. The MP3.5 procedure is a simple
arithmetic average of the MP3 and MP4 methods:

EM3:5 ¼ 0:5� ðEMP3 þ EMP4Þ ð5Þ
The motivation for the MP3.5 method is similar to that for the

MP2.5 procedure, namely, the oscillatory behavior that the MPn
series exhibits for a number of chemical properties. For example,
it has been found that for some thermochemical properties (such
as the isomerization energies in the DIE60 and EIE22 databases
[12,13] and N–Br bond dissociation energies [26]) MP2 and MP4
tend to systematically overestimate the CCSD(T)/CBS reference val-
ues, whilst MP3 tends to systematically underestimate them. On
the other hand, for some reaction barrier heights (e.g., in the
BHPERI, WCPT27, and BHPE13 databases [15,17,18]) the reverse
oscillatory trend is observed. Namely, the MP2 and MP4 methods
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systematically underestimate the CCSD(T)/CBS reference values,
whilst MP3 systematically overestimates them. The oscillatory
behavior of the MPn series is normally characterized by smaller
oscillations as n increases. We note that this oscillatory behavior
has also been previously observed for weak interactions
[1,22,27]. In the present work, we find that this oscillatory behav-
ior is also true for other thermochemical and kinetic datasets, e.g.
the atomization energies in the W4-11 dataset, the isomerization
energies in the HxCyOz dataset, and the catalyzed reaction barrier
heights in the IACBH8 dataset. Fig. 1 illustrates the oscillatory
behavior for the MPn series (n = 2, 3, and 4) for the isomerization
energies in the HxCyOz and DIE60 databases, as well as for the reac-
tion barrier heights in the BHPE13 and WCPT27 databases.

The MP4avg method is the average of the MP4(SDTQ) and MP4
(SDQ) methods (where MP4(SDTQ) includes all single, double, tri-
ple, and quadruple excitations, while MP4(SDQ) excludes the triple
excitations) [28,29]:
Fig. 1. Mean-signed deviations (MSDs, in kJ mol–1) for the MPn methods for the
isomerization energies in the HxCyOz and DIE60 datasets and the reaction barrier
heights in the BHPE13 and WCPT27 datasets. Table S1 of the Supplementary data
summarizes the MSDs for these (and other) databases.

Table 1
Overview of the benchmark databases used in the present work. All the reference values
(n = 1, 2)a.

Database Description

W4-11 122 atomization energies of small molecules
C8H8 isomers 43 C8H8 structural isomers
HxCyOz isomers 109 isomerization energies of HxCyOz isomers
DIE60 60 diene isomerization energies
EIE22 22 enecarbonyl isomerization energies
CnH2n+2 conformers 18 conformational energies of n-butane, n-pen
Tetrapeptide conformers 10 conformational energies of two tetrapeptide
IACBH8 8 barrier heights of vinyl alcohol? acetaldehy

inorganic acids
BHPE13 13 barrier heights for proton exchange in smal

fluoride clusters
WCPT27 27 barrier heights for a set of water-catalyzed
BH76 76 barrier heights of hydrogen transfer, heavy

substitution, unimolecular and association reac

a With the exception of the W4-11 database for which the reference values are obtained
conformers database for which the reference values are taken as CCSD(T)/CBS � CCSD(T
EMP4avg ¼ 0:5� ðEMP4ðSDQÞ þ EMP4ðSDTQÞÞ ð6Þ
The development of this method was motivated by the system-

atic tendency of MP4(SDTQ) to underestimate the reaction barrier
heights in the CRBH20 database, and the tendency of MP4(SDQ) to
systematically overestimate them by similar amounts [16]. Conse-
quently, the MP4avg method results in a near-zero mean signed
deviation (MSD) of –0.4 kJ mol–1 and an RMSD of 2.5 kJ mol–1 for
this database. It was later found that MP4avg also gives relatively
good performance for N–Br bond dissociation energies due to the
tendency of MP4(SDTQ) and MP4(SDQ) to err on different sides
of the CCSD(T)/CBS reference values [26].

The MP3.5 method has been found to give excellent perfor-
mance for the barrier heights in the BHPERI database with an
RMSD of merely 2.5 kJ mol–1. However, for the barrier heights in
the CRBH20 database, it results in a rather disappointing RMSD
of 11.3 kJ mol–1. The MP4avg procedure, on the other hand, has
been found to give superb performance for the barrier heights in
both of the BHPERI and CRBH20 databases with RMSDs of 2.5
and 2.1 kJ mol–1, respectively [15,16].

Despite the above-mentioned evidence for the promising per-
formance of these MP4-based procedures, their performance has
not been extensively benchmarked. One of the main goals of the
present work is to benchmark the performance of the MP4-based
procedures for a wide range of thermochemical and kinetic proper-
ties, and to compare their performance to that of the lower-cost
MP2- and MP3-based procedures.
2. Databases

We evaluate the performance of the modified MPn-based pro-
cedures (n = 2, 3, and 4) for a wide range of thermochemical and
kinetic properties for which CCSD(T)/CBS reference values are
available (coupled cluster with single, double, and quasiperturba-
tive triple excitations extrapolated to the complete basis set
limit). For this purpose we use a suite of 11 databases including
atomization energies, isomerization energies, conformational
energies, and reaction barrier heights [8,12,13,17,18,30,31,32–36].
Table 1 gives an overview of the benchmark databases employed
in this work. All the reference energies are obtained at the CCSD
(T)/CBS level of theory with only valence electrons correlated (i.e.,
where needed zero-point vibrational energies, core-valence,
and relativistic contributions are excluded from the reference
values).
are obtained at the CCSD(T)/CBS level of theory by means of Wn or Wn-F12 theories

Ref. method Ref.

W4 or higher [30]
W1-F12 [8]
W1-F12 [36]
W2-F12/W1-F12 [12]
W1-F12 [13]

tane, and n-hexane W1 h [32]
s Est. CCSD(T)/CBS [33]
de reactions catalyzed by W1-F12 [34]

l water, ammonia, and hydrogen W1-F12 [18]

proton transfer reactions W2.2/W1 [17]
atom transfer, nucleophilic
tions

W1 [35]

at the FCI/CBS level of theory fromW4 (or higher) theory [30], and the tetrapeptide
)/cc-pVDZ + MP2/CBS – MP2/cc-pVDZ [33].
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2.1. Atomization reactions

2.1.1. The W4-11 dataset
The W4-11 database contains 140 atomization energies (with

up to five heavy atoms) [30]. The species in the W4-11 database
cover a broad spectrum of bonding situations and multireference
character, and as such it is an ideal benchmark set for the valida-
tion of ab initio methods. We removed the three beryllium-con-
taining compounds and the 15 pathologically multireference
systems from the list [31]. All reference data in the W4-11 data-
base are obtained at the FCI/CBS level of theory via the W4 (or
higher) ab initio computational thermochemistry protocol [37,38].

2.2. Isomerization reactions

2.2.1. C8H8 structural isomers
This database includes 43 structural isomerization energies of

C8H8 hydrocarbons. The C8H8 isomers involve a range of hydrocar-
bon functional groups, including linear and cyclic polyacetylene,
polyyne, and cumulene moieties, as well as aromatic, anti-aro-
matic, and strained rings [8]. Since many of these structural iso-
merization reactions involve breaking and forming of multiple
bonds, this dataset proves to be a challenging test for many density
functional theory (DFT) and standard ab initio methods. Reference
isomerization energies are obtained by means of the W1-F12 ther-
mochemical procedure [39].

2.2.2. HxCyOz structural isomers
This database includes all structural isomers of a wide range of

compounds with the molecular formula HxCyOz, namely: H2C2O,
H4C2O, H6C2O, H2C2O2, H4C2O2, H6C2O2, H2C3O, H4C3O, H6C3O,
H8C3O, H2C3O2, H4C3O2, H6C3O2, and H8C3O2 [36]. Overall, this
database includes 109 accurate structural isomerization energies,
which are calculated at the CCSD(T)/CBS level by means of the
W2-F12 thermochemical protocol [39].

2.2.3. The DIE60 dataset
This database includes 60 isomerization reactions which

involve a migration of one double bond that breaks the conjugated
p-system [12]. The reactions in the DIE60 dataset are of the type
[conjugated diene]? [non-conjugated diene]. The dataset covers
a broad spectrum of structures, including linear and branched (Cn-
H2n-2), and cyclic (CnH2n–4) dienes (n = 5, 6, and 7). Reference iso-
merization energies are obtained by means of the high-level W2-
F12 procedure for the C5H6, C5H8, C6H8, C6H10, and C7H10 dienes,
and the W1-F12 procedure for the C7H12 dienes [39].

2.2.4. The EIE22 dataset
The EIE22 database is comprised of 22 prototypical isomeriza-

tion reactions of the type [conjugated a, b-enecarbonyl]? [non-
conjugated b, c-enecarbonyl] [16]. All the reactions from the
EIE22 dataset involve a migration of one double bond, which
breaks the conjugated p-system. This dataset can be viewed as
an extension of the DIE60 dataset, which only contains hydrocar-
bons. The considered enecarbonyls involve a range of common
functional groups (e.g. CH3, NH2, OCH3, F, and CN). Accurate iso-
merization energies are obtained at the complete basis-set limit
CCSD(T) level by means of the high-level W1-F12 thermochemical
protocol [39].

2.3. Conformational energies

2.3.1. The CnH2n+2 conformers dataset
This database of conformational CnH2n+2 alkane isomers (n = 4–

6) contains 18 conformational energies of n-butane, n-pentane, and
n-hexane [32]. Reference conformational energies are obtained by
the W1h thermochemical procedure [40].

2.3.2. The tetrapeptide conformers dataset
This database includes 10 conformers of the ACE-ALA-GLY-ALA-

NME and ACE-ALA-SER-ALA-NME tetrapeptide. ALA is alanine, GLY
is glycine, and SER is serine. ACE and NME stand for acetyl and
methylamide groups [41]. For each peptide, five conformers have
been examined, i.e. parallel (b) and anti-parallel (ba) b-sheets,
right-handed (aR) and left-handed (aL) a-helices, and polypro-
line-II (PP-II) helix. Reference conformational energies are obtained
via the CCSD(T)/CBS � CCSD(T)/cc-pVDZ + MP2/CBS – MP2/cc-
pVDZ method, where the MP2/CBS energy is extrapolated to the
complete basis-set limit from the cc-pVTZ and cc-pVQZ basis sets
[33].

2.4. Reaction barrier heights

2.4.1. The IACBH8 dataset
This dataset contains reaction barrier heights for the vinyl alco-

hol? acetaldehyde tautomerization reaction catalyzed by inor-
ganic acids (HNO3, H2CO3, H3PO4, HClO4, and H2SO4), formic acid,
and water [36]. The reference reaction barrier heights are obtained
by means of the W1-F12 thermochemical protocol [39].

2.4.2. The BHPE13 dataset
This database contains 13 barrier heights for proton exchange

in small (H2O)n clusters (n = 2–6), (NH3)n clusters (n = 2–4), and
(HF)n clusters (n = 2–6) [18]. The reference reaction barrier heights
are obtained by means of the W1-F12 thermochemical protocol
[39].

2.4.3. The WCPT27 dataset
This database contains 27 accurate reaction barrier heights for a

set of nine proton-transfer tautomerization reactions that are
either uncatalyzed, catalyzed by one water molecule, or catalyzed
by two water molecules [17]. The reaction barrier heights are
obtained by means of the high-level W2.2 [40] or W1 [42] thermo-
chemical procedures.

2.4.4. The BH76 dataset
This database contains two subsets of reaction barrier heights:

HTBH38 and NHTBH38. The HTBH38 set consists of 38 reaction
barrier heights of hydrogen transfer reactions, whilst the NHTBH38
set consists of 12 heavy-atom transfer reactions (HATBH12), 16
nucleophilic substitution reactions (NSBH16), 10 unimolecular
and association reactions (UABH10) [35]. The reference reaction
barrier heights are obtained by means of the W1 thermochemical
protocol [40].

3. Computational details

All the calculations were carried out using the Molpro 2012.1
program suite [43,44], except for the W4-11 and BH76 databases
where all the calculations were performed with the Gaussian 09
program suite [45]. We consider Dunning’s A’VnZ basis sets
(n = D, T, Q, and 5) for evaluating the basis set effects. The notation
A’VnZ indicates the combination of the standard correlation-con-
sistent cc-pVnZ basis sets on H [46], the aug-cc-pVnZ basis sets
on first-row atoms [47], and the aug-cc-pV(n + d)Z basis sets on
second-row atoms [48]. For the DIE60, CnH2n+2 conformers, and
tetrapeptide conformers datastes, we only consider the cc-pVnZ
basis sets (n = D, T, and Q). The reference geometries and reference
reaction energies and barrier heights for all the datasets are taken
from the literature (see Table 1). The ab initio procedures consid-
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ered in the present study are MP2, SCS-MP2 [2], MP2.5 [22], MP3,
MP3.5 [15], SCS-MP3 [21], MP4(SDQ), MP4, MP4avg [16], CCSD,
SCS-CCSD [49], and CCSD(T). Unless otherwise mentioned, the per-
formance of the MP2- and MP3-based methods is evaluated in con-
junction with the A’VnZ or cc-pVnZ (n = T and Q) basis sets,
whereas the performance of the computationally more expensive
MP4-based and coupled cluster procedures is evaluated in con-
junction with the A’VTZ or cc-pVTZ basis set.

We also evaluate the performance of the cost-effective CCSD(T)/
CBS(MP2) method. In this approach the CCSD(T)/CBS energy is esti-
mated from the CCSD(T)/A’VDZ energy and an MP2-based basis-
set-correction term (DMP2 = MP2/A’V{T,Q}Z – MP2/ A’VDZ, where
the MP2/A’V{T,Q}Z energy is extrapolated to the basis-set limit
with an extrapolation exponent of 3) [50]. This additivity scheme
has been shown to give good performance for noncovalent interac-
tions [33,51–53], reaction energies [12,54], and reaction barrier
heights [15,16]. Here we will assess the performance of this cost-
effective method for a more extensive set of thermochemical and
kinetic data. As a point of reference for the performance of the
MPn-based and CCSD(T)/CBS(MP2) methods we also include error
statistics for the CCSD(T)/A’VnZ level of theory. The performance of
all of these methods is evaluated against CCSD(T)/CBS reference
values obtained from Wn theories (see Section 2 for further
details).

4. Results and discussion

4.1. Performance of standard and modified ab initio procedures for
thermochemistry

4.1.1. Performance for atomization energies (W4-11 database)
Table 2 gives an overview of the performance of the standard

and modified ab initio methods for the atomization energies in
the W4-11 dataset. As expected, the W4-11 database is an extre-
mely challenging test for all the considered MPn-based methods,
with RMSDs ranging between 13.3 (MP2.5) and 52.1 kJ mol–1

(SCS-MP2) in conjunction with the A’V5Z basis set. In the following
discussion we will use the results obtained with the A’V5Z basis set
for the MPn-based methods, and the A’VQZ basis set for the cou-
pled cluster methods.
Table 2
Statistical analysis for the performance of ab initio methods for the atomization
energies in the W4-11 dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

A’V5Z MP2 50.6 39.2 33.1
SCS-MP2 52.1 43.2 42.9
MP2.5 13.3 10.6 –2.8
MP3 46.5 38.8 –38.7
SCS-MP3 30.7 26.1 24.9
MP4(SDQ) 41.6 36.0 –36.0
MP4 16.7 12.5 11.0
MP3.5 16.5 14.0 –13.8
MP4avg 14.6 12.5 –12.5

A’VQZ MP2 44.6 34.2 25.4
SCS-MP2 43.1 34.8 33.9
MP2.5 16.2 13.2 –9.7
MP3 52.7 44.8 –44.8
SCS-MP3 22.4 18.5 16.3
MP4(SDQ) 48.0 41.9 –41.9
MP4 11.5 8.8 4.0
MP3.5 23.3 20.4 –20.4
MP4avg 21.5 19.0 –19.0
CCSD 55.2 48.2 –48.2
CCSD(T) 15.1 13.5 –13.5

CBS(MP2)b CCSD(T) 3.8 3.2 –0.3

a RMSD = root mean square deviation, MAD = mean absolute deviation,
MSD = mean signed deviation.

b CCSD(T)/CBS(MP2) � CCSD(T)/A’VDZ + MP2/A’V{T,Q}Z – MP2/A’VDZ.
The MP2-based methods (MP2 and SCS-MP2) result in very
large RMSDs of over 50 kJ mol–1 in conjunction with the A’V5Z
basis set, where in both cases the atomization energies are system-
atically overestimated. The MP3 method obtains a similarly high
RMSD of 46.5 kJ mol–1, but systematically underestimates the
atomization energies. In this situation, MP2.5, which is an average
of MP2 and MP3, provides significantly better performance with an
RMSD of 13.3 kJ mol–1 for theW4-11 dataset. The SCS-MP3method
also represents a significant improvement over both MP2 and MP3,
but still attains a very large RMSD of 30.7 kJ mol–1. The MP4
method results in an RMSD of 16.7 kJ mol–1, and similarly to the
MP2 method it tends to systematically overestimate the atomiza-
tion energies, while MP4(SDQ) gives poor performance with an
RMSD of 41.6 kJ mol–1. The modified MP4-based procedures
(MP3.5 and MP4avg) show slightly improved performance, but tend
to systematically underestimate the atomization energies.

The CCSD method obtains an RMSD of 55.2 kJ mol–1 in conjunc-
tion with the A’VQZ basis set and, as expected, the RMSD of the
CCSD(T) method is much lower (i.e., it is 15.1 kJ mol–1). However,
the cost-effective CCSD(T)/CBS(MP2) approach achieves a much
lower RMSD of only 3.8 kJ mol–1 and a near-zero MSD of
0.3 kJ mol–1. This procedure significantly outperforms all the
examined MPn-based procedures.

4.1.2. Performance for structural isomerization (C8H8 and HxCyOz

isomers databases)
Structural isomerization can be a challenging test for many DFT

and ab initio methods since they often involve breaking and form-
ing of several bonds. In this section we consider two structural iso-
merization databases, consisting of C8H8 and HxCyOz isomers.
Table 3 gives an overview of the performance of the MPn-based
methods for the C8H8 isomers. We note that for the methods for
which we have both A’VTZ and A’VQZ results (i.e. MP2, SCS-MP2,
MP2.5, MP3, and SCS-MP3) the differences in the overall RMSDs
(in absolute value) between these basis sets are smaller than
1.0 kJ mol–1. In the following discussion, we will focus on the per-
formance of the MP2- and MP3-based procedures in conjunction
with the A’VQZ basis set, whilst the performance of the rest of
the methods is evaluated with the A’VTZ basis set.

None of the MP2- and MP3-based procedures results in RMSDs
below the threshold of chemical accuracy. The MP2-based meth-
ods exhibit relatively poor performance with RMSDs of 13.2
(MP2) and 8.1 kJ mol–1 (SCS-MP2). The MP3-based procedures give
Table 3
Statistical analysis for the performance of ab initio methods for calculations of
isomerization energies in the C8H8 isomers dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

A’VQZ MP2 13.2 11.0 4.8
SCS-MP2 8.1 6.2 –3.2
MP2.5 8.1 6.7 5.3
MP3 8.9 6.0 5.8
SCS-MP3 6.9 4.4 –2.9

A’VTZ MP2 12.7 10.6 4.2
SCS-MP2 8.7 6.5 –4.0
MP2.5 7.2 5.9 4.4
MP3 7.9 4.9 4.7
SCS-MP3 7.6 4.7 –3.8
MP4(SDQ) 9.1 7.8 –6.0
MP4 6.0 4.4 –1.7
MP3.5 3.0 2.3 1.5
MP4avg 5.5 4.2 –3.8
CCSD 6.4 4.8 –2.3
SCS-CCSD 12.5 11.4 –11.4
CCSD(T) 2.5 2.1 –1.5

CBS(MP2) CCSD(T) 2.5 2.2 –2.1

a Footnotes a and b to Table 2 apply here.
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slightly lower RMSDs, which range between 6.9 (SCS-MP3) and
8.9 kJ mol–1 (MP3). It is worth mentioning that the MP2.5 proce-
dure does not improve the performance and results in practically
the same RMSD as the SCS-MP2 procedure. The MP4(SDQ) method
provides poor performance for the C8H8 isomers database with an
RMSD of 9.1 kJ mol–1, while the MP4 procedure shows better per-
formance with an RMSD of 6.0 kJ mol–1. The MP4avg method gives
slightly better performance with an RMSD of 5.5 kJ mol–1. How-
ever, MP3.5 shows significantly better performance, attaining an
RMSD of 3.0 kJ mol–1, which is comparable to the performance of
the CCSD(T) method, vide infra.

The CCSD and SCS-CCSD methods result in RMSDs of 6.4 and
12.5 kJ mol–1, respectively. Thus, both methods show poor perfor-
mance relative to the computationally more economical MP3.5
method. The CCSD(T) method shows the best performance with
an RMSD of merely 2.5 kJ mol–1. We note that the cost-effective
approach CCSD(T)/CBS(MP2) provides very similar performance
to the CCSD(T)/A’VTZ level of theory at a reduced computational
cost.

We now turn our attention to the performance of ab initio pro-
cedures for the HxCyOz isomers database. Table 4 gives an overview
of the performance of the MPn-based and coupled cluster methods.
Similar to the results for the C8H8 database, the RMSDs for the
A’VTZ basis set are within 1.0 kJ mol–1 from those for the A’VQZ
basis set. Since we do not have the results for the coupled cluster
methods with the A’VQZ basis set, we will concentrate on the per-
formance of all the methods in conjunction with the A’VTZ basis
set in the following text.

As shown in Table 4, in contrast to the results for the C8H8 data-
base, all the examined methods perform reasonably well, with
RMSDs ranging between 1.1 (CCSD(T)/CBS(MP2)) and 6.6 kJ mol–1

(MP2). The MP2 method results in an RMSD of 6.6 kJ mol–1. This
RMSD is decreased by 42% (to 3.8 kJ mol–1) when the same- and
opposite-spin components of the MP2 correlation energy are
scaled in the SCS-MP2 procedure. The MP3-based methods (MP3,
SCS-MP3, and MP2.5) show similar performance, with RMSDs
between 3.8 and 4.0 kJ mol–1.

Moving to the MP4-based methods, MP4(SDQ) and MP4avg
show similar performance to the MP3-based methods with RMSDs
of 3.5 and 3.6 kJ mol–1, respectively. In contrast, MP4 attains a
Table 4
Statistical analysis for the performance of ab initio methods for the isomerization
energies in the HxCyOz dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

A’VQZ MP2 7.6 5.9 2.7
SCS-MP2 3.7 2.9 1.0
MP2.5 5.3 3.9 1.0
MP3 4.9 4.1 –0.7
SCS-MP3 2.9 2.3 0.2
MP4(SDQ) 3.9 3.1 1.8
MP4 3.9 3.2 1.8
MP3.5 2.0 1.5 0.6
MP4avg 3.3 2.6 1.8

A’VTZ MP2 6.6 5.3 2.2
SCS-MP2 3.8 3.0 0.4
MP2.5 4.0 3.0 0.4
MP3 3.8 3.1 –1.4
SCS-MP3 3.8 3.0 0.4
MP4(SDQ) 3.5 2.8 1.0
MP4 4.7 3.8 1.1
MP3.5 1.6 1.3 –0.2
MP4avg 3.6 2.8 1.0
CCSD 2.3 1.8 –0.1
SCS-CCSD 5.0 3.8 –3.5
CCSD(T) 2.4 1.7 –0.9

CBS(MP2) CCSD(T) 1.1 0.9 –0.9

a Footnotes a and b to Table 2 apply here.
somewhat larger RMSD of 4.7 kJ mol–1. However, the MP3.5 proce-
dure again results in an exceptionally low RMSD of 1.5 kJ mol–1.
The excellent performance of MP3.5 is also demonstrated by a
near-zero MSD of –0.2 kJ mol–1. Indeed this method significantly
outperforms the computationally more expensive coupled cluster
procedures CCSD, SCS-CCSD, and CCSD(T)/A’VTZ as well as the all
the considered MPn-based methods (Table 4). Finally we note that
the CCSD(T)/CBS(MP2) method provides superb performance with
an RMSD of merely 1.1 kJ mol–1.
4.1.3. Performance for isomerization reactions involving double-bond
migration (DIE60 and EIE22 databases)

In this subsection we consider the DIE60 and EIE22 databases of
isomerization reactions that involve a migration of one double
bond that breaks the p-conjugated system. With the exception of
the newly proposed MP4-based methods (MP3.5 and MP4avg), all
the examined methods have been previously assessed for these
two databases [12,13]. However, for the sake of making the article
self-contained, we will describe the performance of all the exam-
ined methods.

Table 5 gives an overview of the performance of the ab initio
methods for the DIE60 dataset. We start by noting that practically
all the ab initio procedures converge relatively smoothly and
rapidly to the basis set limit. For example, for the methods for
which we have both cc-pVQZ and cc-pVTZ results (MP2, SCS-
MP2, MP2.5, MP3, and SCS-MP3), the differences in the overall
RMSDs (in absolute value) between these two basis sets are equal
to or smaller than 0.1 kJ mol–1, whilst the differences in the overall
RMSDs between the cc-pVDZ and cc-pVQZ basis sets are equal to
(or smaller than) 0.7 kJ mol–1 (see Table S5, Supplementary data).
Thus, for these reactions even the cc-pVDZ basis set gives results
that are close to the basis set limit. Since we do not have the results
for the coupled cluster methods with the cc-pVQZ basis set, we will
concentrate on the results with the cc-pVTZ basis set in the follow-
ing text.

The MP2 procedure systematically overestimates the isomer-
ization energies and results in an RMSD of 2.9 kJ mol–1. This RMSD
is reduced to 1.1 kJ mol–1 when the same- and opposite-spin com-
ponents of the MP2 correlation energy are scaled in the SCS-MP2
procedure. Inclusion of higher-order correlation corrections in pro-
cedures such as MP2.5, MP3, SCS-MP3, MP4(SDQ), and MP4 results
in similar performance, with RMSDs of 1.0–1.8 kJ mol–1. It is note-
Table 5
Statistical analysis for the performance of ab initio methods for the isomerization
energies in the DIE60 dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

cc-pVQZ MP2 2.8 2.4 2.4
SCS-MP2 1.0 0.6 0.4
MP2.5 1.1 0.9 0.8
MP3 1.1 1.1 –0.7
SCS-MP3 0.9 0.7 –0.4

cc-pVTZ MP2 2.9 2.4 2.4
SCS-MP2 1.1 0.8 0.5
MP2.5 1.1 0.9 0.9
MP3 1.1 0.9 –0.6
SCS-MP3 1.0 0.7 –0.3
MP4(SDQ) 1.8 1.5 –1.3
MP4 1.3 1.0 1.0
MP3.5 0.5 0.4 0.2
MP4avg 0.8 0.6 –0.1
CCSD 1.9 1.6 –1.5
SCS-CCSD 2.2 2.0 –2.0
CCSD(T) 0.6 0.5 –0.2

CBS(MP2)b CCSD(T) 0.4 0.3 –0.3

a Footnote a to Table 2 applies here.
b CCSD(T)/CBS(MP2) � CCSD(T)/cc-pVDZ + MP2/cc-pV{T,Q}Z – MP2/cc-pVDZ.



Table 7
Statistical analysis for the performance of ab initio methods for conformational
energies in the CnH2n+2 hydrocarbons (in kJ mol–1) (n = 4–6).a

Basis sets Methods RMSD MAD MSD

cc-pVQZ MP2 0.50 0.39 –0.39
SCS-MP2 0.83 0.72 0.72

cc-pVTZ MP2 0.62 0.53 –0.53
SCS-MP2 0.68 0.57 0.57
MP2.5 0.19 0.14 0.06
MP3 0.75 0.66 0.66
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worthy that the two newly proposed MP3.5 and MP4avg methods
also show very good performance with RMSDs of 0.5 and
0.8 kJ mol–1, respectively. The CCSD method attains a somewhat
disappointing RMSD of 1.9 kJ mol–1 considering its computational
cost, and its spin-component scaled variant SCS-CCSD gives an
even larger RMSD (2.2 kJ mol–1). The CCSD(T) method attains an
RMSD of merely 0.6 kJ mol–1, while the CCSD(T)/CBS(MP2) method
performs slightly better with an RMSD of 0.4 kJ mol–1.

We now turn our attention to the EIE22 database. In contrast to
the DIE60 dataset which only involves hydrocarbons, the perfor-
mance of the ab initio methods for the EIE22 dataset is evaluated
in conjunction with the A’VTZ basis sets since this database
involves polar bonds. Table 6 lists the RMSDs, MADs, and MSDs
for the EIE22 dataset for the examined methods. Practically all
the tested methods converge fairly rapidly to the basis-set limit.
For instance, for the methods for which we have both A’VTZ and
A’VQZ results (MP2, SCS-MP2, MP2.5, MP3, and SCS-MP3), the dif-
ferences in the RMSDs (in absolute value) between these two basis
sets are smaller than or equal to 0.1 kJ mol–1. Here we focus on the
performance of all the methods with the A’VTZ basis set.

The MP2 method attains an RMSD of 2.1 kJ mol–1, while the
RMSD is reduced to only 0.9 kJ mol–1 using the SCS-MP2 method.
The MP3- and MP4-based procedures result in RMSDs ranging
from 0.5 (MP3.5 and MP4avg) to 1.9 kJ mol–1 (MP4(SDQ)). In partic-
ular, the MP2.5 procedure provides superb performance and
obtains an RMSD of 0.7 kJ mol–1. The modified MP4-based proce-
dures (MP3.5 and MP4avg) give slightly better performance at a
much higher computational cost. The CCSD method performs sim-
ilarly to MP2, with an RMSD of 2.1 kJ mol–1. The SCS-CCSD method
systematically underestimates the isomerization energies in the
EIE22 database (as evident from MSD � –1 �MAD = –2.5 kJ mol–
1) and results in an RMSD of 2.7 kJ mol–1. The CCSD(T) method
gives the best performance with an RMSD of merely 0.4 kJ mol–1,
while the CCSD(T)/CBS(MP2) approach attains a slightly higher
RMSD of 0.6 kJ mol–1.

4.1.4. Performance for conformational energies in CnH2n+2 and
tetrapeptide systems

From the electronic structure point of view, conformational
energies are generally easier to calculate than the isomerization
energies discussed in Sections 4.1.2 and 4.1.3 since they do not
involve breaking and forming of covalent bonds. In this section
we will consider two datasets of conformers, namely, dispersion-
Table 6
Statistical analysis for the performance of ab initio methods for calculations of
isomerization energies in the EIE22 dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

A’VQZ MP2 2.1 1.9 1.8
SCS-MP2 0.8 0.7 0.2
MP2.5 0.7 0.6 0.4
MP3 1.5 1.2 –1.1
SCS-MP3 1.2 0.9 –0.5

A’VTZ MP2 2.1 1.9 1.9
SCS-MP2 0.9 0.8 0.3
MP2.5 0.7 0.6 0.4
MP3 1.5 1.3 –1.0
SCS-MP3 1.3 1.0 –0.4
MP4(SDQ) 1.9 1.6 –1.5
MP4 1.4 1.3 1.3
MP3.5 0.5 0.4 0.1
MP4avg 0.5 0.4 –0.1
CCSD 2.1 1.8 –1.7
SCS-CCSD 2.7 2.5 –2.4
CCSD(T) 0.4 0.3 –0.1

CBS(MP2) CCSD(T) 0.6 0.5 –0.5

a Footnotes a and b to Table 2 apply here.
driven conformational energies in CnH2n+2 (n = 4–6) hydrocarbons
[32] and conformational energies in tetrapeptides [33].

Table 7 gives an overview of the performance of the standard
and modified ab initio procedures for the CnH2n+2 conformational
energies. The performance of the MP2-based methods (MP2 and
SCS-MP2) is assessed in conjunction with the cc-pVTZ and cc-pVQZ
basis sets, whilst the performance of the rest of the methods is
evaluated in conjunction with the cc-pVTZ basis set. In the follow-
ing discussion we will use the results obtained with the cc-pVTZ
basis set for all the examined methods.

The MP2 and SCS-MP2 methods result in similar RMSDs of 0.62
and 0.68 kJ mol–1 respectively, while the MP3 and SCS-MP3 meth-
ods show slightly poorer performance with RMSDs of 0.75 and
0.99 kJ mol–1, respectively. Since MP2 tends to underestimate the
conformational energies and MP3 tends to overestimate them by
similar amounts, the MP2.5 method shows excellent performance
with an RMSD of merely 0.19 kJ mol–1. Similarly, the MP3.5
method shows significantly better performance (RMSD =
0.15 kJ mol–1) than the MP4 method (RMSD = 0.49 kJ mol–1). Again,
this is due to the fact that MP3 tends to overestimate the confor-
mational energies, while MP4 tends to underestimate them. The
MP4avg method provides similar performance to MP3.5 and gives
a near-zero RMSD of 0.09 kJ mol–1. The superb performance of
the MP3.5 and MP4avg procedures is also demonstrated by the
near-zero MSDs, suggesting that they are free of systematic bias.

The CCSD method represents poor performance relative to the
MP4-based procedures, attaining an RMSD of 0.69 kJ mol–1. The
SCS-CCSD procedure results in a similar RMSD. Finally, we note
that the CCSD(T)/CBS(MP2) method provides similar performance
to the MP3.5 and MP4avg procedures with an RMSD of
0.14 kJ mol–1.

We now turn our attention to the performance of the ab initio
methods for the tetrapeptide conformers (Table 8). Due to the large
SCS-MP3 0.99 0.86 0.86
MP4(SDQ) 0.49 0.41 0.41
MP4 0.49 0.46 –0.46
MP3.5 0.15 0.11 0.10
MP4avg 0.09 0.07 –0.02
CCSD 0.69 0.59 0.59
SCS-CCSD 0.66 0.61 –0.61
CCSD(T) 0.24 0.23 –0.23

CBS(MP2) CCSD(T) 0.14 0.12 –0.12

a Footnote a to Table 2 and footnote b to Table 5 apply here.

Table 8
Statistical analysis for the performance of ab initio methods for calculations of
conformational energies in the tetrapeptides (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

cc-pVQZ MP2b 2.9 2.4 –1.4
cc-pVTZ MP2b 6.1 4.5 –4.3

SCS-MP2 2.2 1.6 –1.6
MP2.5 2.7 2.1 –1.8
MP3 1.1 1.0 0.7
SCS-MP3 1.0 0.7 –0.4

a Footnote a to Table 2 and footnote b to Table 5 apply here.
b The results are taken from Ref. [33].
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sizes of the tetrapeptides, we were only able to perform the MP2-
and MP3-based calculations in conjunction with the cc-pVTZ basis
set. Table S8 of the Supplementary data gives the results for all the
methods in conjunction with the cc-pVDZ basis set. However, as
pointed out in reference [33], this basis set is too small for ade-
quately describing the H-bonds in these systems, and these results
will not be discussed here. Suffice to say that all the considered
methods perform poorly in conjunction with the cc-pVDZ basis
set with RMSDs ranging between 8.9 (MP3) and 14.7 kJ mol–1

(MP4).
Except for the MP2 method, which exhibits a particularly strong

basis set dependence [33], all the methods perform reasonably
well in conjunction with the cc-pVTZ basis set, with RMSDs well
below the threshold of chemical accuracy. In particular, SCS-MP2
results in an RMSD of 2.2 kJ mol–1, whilst MP2.5 provides slightly
deteriorated performance with an RMSD of 2.7 kJ mol–1. MP3 and
SCS-MP3 provide excellent performance with RMSDs of 1.1 and
1.0 kJ mol–1, respectively, where MP3 tends to overestimate the
conformational energies and SCS-MP3 tends to underestimate
them.

4.2. Performance of standard and modified ab initio procedures for
reaction barrier heights

Now we turn our attention to the performance of standard and
modified ab initio methods for reaction barrier heights. We have
previously found that the MP4avg and CCSD(T)/CBS(MP2) methods
give very good performance for the CRBH20 dataset [16]. In partic-
ular, in conjunction with the A’VTZ basis set these methods attain
RMSDs of 2.1 and 1.7 kJ mol–1, respectively, compared to RMSDs of
11.3 (MP3.5), 6.1 (MP4), and 5.0 kJ mol–1 (CCSD(T)) in conjunction
with the same basis set [16]. We note however, that for the reac-
tion barrier heights in the BHPERI database, MP3.5 was found to
significantly outperform all the other MPn-based procedures with
an overall RMSD of 2.5 kJ mol–1 [15]. It is therefore of interest to
evaluate the performance of the modified MP4-based procedures
for a wider range of reaction barrier heights.

4.2.1. Performance for barrier heights of reactions catalyzed by
inorganic acids (IACBH8 database)

Table 9 gathers the RMSDs, MADs, and MSDs for the IACBH8
dataset. We note that for the methods for which we have
both A’VTZ and A’VQZ results (MP2, SCS-MP2, MP2.5, MP3, and
Table 9
Statistical analysis for the performance of ab initio methods for the reaction barrier
heights in the IACBH8 dataset (in kJ mol–1).a

Basis sets Methods RMSD MAD MSD

A’VQZ MP2 7.9 7.3 –7.3
SCS-MP2 11.9 11.4 11.4
MP2.5 4.7 4.7 4.7
MP3 16.7 16.6 6.6
SCS-MP3 17.6 17.4 17.4

A’VTZ MP2 9.6 9.0 –9.0
SCS-MP2 10.0 9.4 9.4
MP2.5 3.2 3.0 3.0
MP3 15.1 14.9 14.9
SCS-MP3 15.6 15.4 15.4
MP4(SDQ) 11.3 11.3 11.3
MP4 8.4 8.0 –8.0
MP3.5 3.6 3.5 3.5
MP4avg 2.0 1.8 1.7
CCSD 13.4 13.3 13.3
SCS-CCSD 5.4 5.3 5.3
CCSD(T) 1.3 1.2 –1.1

CBS(MP2) CCSD(T) 2.1 2.0 2.0

a Footnotes a and b to Table 2 apply here.
SCS-MP3) the differences in the overall RMSDs between these
two basis sets are smaller than (or equal to) 2.0 kJ mol–1 (in abso-
lute value).

Inspection of Table 9 reveals that the IACBH8 database is a chal-
lenging test for nearly all the standard and modified MPn proce-
dures. Only three of the nine procedures result in RMSDs below
the threshold of chemical accuracy, i.e. MP2.5 (3.2), MP3.5 (3.6),
and MP4avg (2.0 kJ mol–1). For the other six methods the RMSDs
range from 8.4 (MP4) to 15.6 kJ mol–1 (SCS-MP3). The CCSD proce-
dure attains a large RMSD of 13.4 kJ mol–1, while its spin-compo-
nent scaled variant SCS-CCSD performs better, with an RMSD of
5.4 kJ mol–1. This RMSD is reduced to merely 1.3 kJ mol–1 for the
CCSD(T) procedure, whilst the CCSD(T)/CBS(MP2) approach attains
a slightly higher RMSD of 2.1 kJ mol–1.

4.2.2. Performance for barrier heights of proton-exchange reactions in
NH3, H2O, and HF clusters (BHPE13 database)

Table 10 lists the error statistics for the BHPE13 database, which
is divided into three subsets of barrier heights, namely the NH3,
H2O, and HF clusters. We start by noting that for the methods for
which we have both A’VTZ and A’VQZ results (MP2, SCS-MP2,
MP2.5, MP3, and SCS-MP3) the differences in the overall RMSDs
of the whole BHPE13 database between these two basis sets are
smaller than 3.2 kJ mol–1. For nearly all the MPn-based methods
the A’VTZ basis set performs slightly better than the A’VQZ basis
set (relative to the W1-F12 reference values). In the following dis-
cussion, we will use the A’VTZ basis set to assess the performance
of all the considered methods for the entire BHPE13 dataset and its
three subsets. Inspection of Table 10 reveals that only five of the 13
tested methods result in RMSDs below the chemical accuracy
threshold, i.e. MP2.5 (2.4), MP3.5 (4.0), SCS-CCSD (3.2), CCSD(T)/
CBS(MP2) (3.4), and CCSD(T) (4.1 kJ mol–1). For the other eight
methods the RMSDs range between 4.7 (MP4avg) and 18.8 kJ mol–
1 (SCS-MP3).

We now move to the performance of the standard and modi-
fied ab initio procedures for the barrier heights in the three sub-
sets of the BHPE13 database. We begin by noting that the MP2
and SCS-MP2 procedures perform poorly for all the subsets.
Specifically, MP2, which systematically underestimates the bar-
rier heights (as evident from MSD = –1 �MAD for all the three
subsets), results in RMSDs of 10.5, 18.1, and 13.5 kJ mol–1 for
the barrier heights in the NH3, H2O, and HF subsets, respectively.
Similarly, SCS-MP2 attains RMSDs of 12.9 (NH3 and H2O subsets)
and 9.7 kJ mol–1 (HF subset). The MP3 and SCS-MP3 methods
show even poorer performance with RMSDs varying between
14.9 (MP3 for the NH3 subset) and 21.3 kJ mol–1 (SCS-MP3 for
the H2O subset), where the barrier heights are systematically
overestimated. In this situation, the MP2.5 procedure shows good
performance with RMSDs of 2.3 (NH3), 1.8 (H2O), and 3.0 kJ mol–1

(HF subset). Similarly, the MP3.5 method shows good perfor-
mance for the H2O and HF subsets with RMSDs of 3.7 and
2.2 kJ mol–1, respectively, while for the NH3 subset it attains a lar-
ger RMSD of 6.1 kJ mol–1.

With regards to the computationally more expensive coupled
cluster procedures, the CCSD method performs worse than
MP3.5 and MP4avg, obtaining much larger RMSDs of 19.7 (NH3 sub-
set), 20.2 (H2O subset), and 12.6 kJ mol–1 (HF subset). However, its
spin-component scaled variant SCS-CCSD performs very well, with
RMSDs ranging between 0.9 (H2O subset) and 4.5 kJ mol–1

(HF subset). The CCSD(T) method shows good performance for
the NH3 and H2O subsets (RMSDs = 1.7 and 2.6 kJ mol–1, respec-
tively). However, for the HF subset, CCSD(T) attains a somewhat
disappointing RMSD of 5.9 kJ mol–1. The CCSD(T)/CBS(MP2)
method, on the other hand, shows good performance for all the
subsets with RMSDs of 2.5 (NH3 subset), 4.4 (H2O subset), and
2.6 kJ mol–1 (HF subset).



Table 10
Statistical analysis for the performance of ab initio methods for the reaction barrier
heights in the BHPE13 dataset and its three subsets (in kJ mol–1).a

Datasets Basis sets Methods RMSD MAD MSD

NH3 subset A’VQZ MP2 10.8 10.6 –10.6
SCS-MP2 12.9 12.2 12.2
MP2.5 2.1 2.0 2.0
MP3 14.7 14.6 14.6
SCS-MP3 19.2 18.5 18.5

A’VTZ MP2 10.5 10.3 –10.3
SCS-MP2 12.9 12.4 12.4
MP2.5 2.3 2.3 2.3
MP3 14.9 14.8 14.8
SCS-MP3 19.2 18.6 18.6
MP4(SDQ) 18.4 18.0 18.0
MP4 2.9 2.7 –2.7
MP3.5 6.1 6.0 6.0
MP4avg 7.8 7.6 7.6
CCSD 19.7 19.3 19.3
SCS-CCSD 3.2 3.2 3.2
CCSD(T) 1.7 1.6 1.6

CBS(MP2) CCSD(T) 2.5 2.3 2.3

H2O subset A’VQZ MP2 15.0 14.5 –14.5
SCS-MP2 16.5 15.3 15.3
MP2.5 2.2 2.1 2.1
MP3 18.9 18.7 18.7
SCS-MP3 24.8 23.6 23.6

A’VTZ MP2 18.1 17.4 –17.4
SCS-MP2 12.9 12.0 12.0
MP2.5 1.8 1.6 –0.7
MP3 16.1 16.0 16.0
SCS-MP3 21.3 20.3 20.3
MP4(SDQ) 18.0 17.5 17.5
MP4 8.9 8.7 –8.7
MP3.5 3.7 3.6 3.6
MP4avg 4.6 4.4 4.4
CCSD 20.2 19.6 19.6
SCS-CCSD 0.9 0.9 –0.7
CCSD(T) 2.6 2.3 –2.3

CBS(MP2) CCSD(T) 4.4 4.2 4.2

HF subset A’VQZ MP2 9.1 8.9 –8.9
SCS-MP2 14.7 13.9 13.9
MP2.5 3.2 3.0 3.0
MP3 15.0 14.9 14.9
SCS-MP3 20.5 19.8 19.8

A’VTZ MP2 13.5 13.0 –13.0
SCS-MP2 9.7 9.3 9.3
MP2.5 3.0 2.6 –1.0
MP3 11.3 11.0 11.0
SCS-MP3 15.7 15.3 15.3
MP4(SDQ) 10.8 10.7 10.7
MP4 10.4 10.1 –10.1
MP3.5 2.2 1.8 0.5
MP4avg 0.7 0.6 0.3
CCSD 12.6 12.6 12.6
SCS-CCSD 4.5 4.0 –3.8
CCSD(T) 5.9 5.2 –5.2

CBS(MP2) CCSD(T) 2.6 2.6 2.6

Overall A’VQZ MP2 12.0 11.4 –11.4
SCS-MP2 15.0 14.0 14.0
MP2.5 2.6 2.4 2.4
MP3 16.5 16.3 16.3
SCS-MP3 22.0 21.1 21.0

A’VTZ MP2 14.9 14.1 –14.1
SCS-MP2 11.8 11.0 11.0
MP2.5 2.4 2.2 –0.1
MP3 14.2 13.8 13.8
SCS-MP3 18.8 18.0 18.0
MP4(SDQ) 15.7 15.0 15.0
MP4 8.6 7.8 –7.8
MP3.5 4.0 3.5 3.0
MP4avg 4.7 3.7 3.6
CCSD 17.5 16.8 16.8
SCS-CCSD 3.2 2.6 –1.0
CCSD(T) 4.1 3.3 –2.5

CBS(MP2) CCSD(T) 3.4 3.2 3.2

a Footnotes a and b to Table 2 apply here.
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4.2.3. Performance for barrier heights of water-catalyzed proton-
transfer reactions (WCPT27 database)

Table 11 gives error statistics for the overall WCPT27 dataset as
well as its three subsets: uncatalyzed reactions (denoted as uncat),
reactions catalyzed by one water molecule (denoted as 1H2O), and
reactions catalyzed by two water molecules (denoted as 2H2O).
Firstly, we note that for the methods for which we have both
A’VTZ and A’VQZ results (MP2, SCS-MP2, MP2.5, MP3, and SCS-
MP3) the differences in the RMSDs of the whole WCPT27 database
between these two basis sets are less than 0.9 kJ mol–1. In the fol-
lowing text, we will use the results of the A’VTZ basis set to assess
the performance of the computational methods for the WCPT27
dataset and its three subsets.

The MP2 method attains RMSDs of 7.2, 11.2, and 13.7 kJ mol–1

for the uncat, 1H2O, and 2H2O subsets, respectively; while the
SCS-MP2 method performs better with RMSDs of 5.8, 8.7, and
11.7 kJ mol–1, respectively. The MP3 method systemically overesti-
mates the barrier heights for the three subsets and obtains RMSDs
of 14.9 (uncat), 11.4 (1H2O), and 12.0 kJ mol–1 (2H2O). The SCS-
MP3 procedure also shows poor performance with RMSDs ranging
between 10.8 (uncat) and 17.9 kJ mol–1 (2H2O). For the overall
WCPT27 database, the RMSDs of MP3 and SCS-MP3 are 12.8 and
14.6 kJ mol–1, respectively, where both procedures overestimate
the barrier heights, as evident from MSD = MAD. Since MP2 tends
to underestimate the barrier heights and MP3 tends to overesti-
mate them, MP2.5 shows very good performance and attains
RMSDs of 4.0 (uncat), 1.8 (1H2O), 2.1 (2H2O), and 2.8 kJ mol–1

(overall WCPT27 dataset).
We now turn our attention to the performance of the MP4-

based methods. The MP4 method gives RMSDs of 5.2 (uncat), 5.9
(1H2O), 7.0 (2H2O), and 6.1 kJ mol–1 (overall WCPT27 dataset).
The modified MP4-based methods, MP3.5 and MP4avg, show some-
what better performance for the subsets as well as the whole
WCPT27 dataset. Specifically, MP3.5 gives RMSDs of 5.1 (uncat),
3.0 (1H2O), 2.9 (2H2O), and 3.8 kJ mol–1 (overall WCPT27 dataset).
MP4avg provides similar performance with RMSDs of 4.7 (uncat),
4.0 (1H2O), 4.7 (2H2O), and 4.5 kJ mol–1 (overall WCPT27 dataset).

With regards to the coupled cluster procedures, CCSD obtains
large RMSDs ranging between 14.3 (uncat) and 17.0 kJ mol–1

(2H2O). Scaling the same and opposite-spin components, however,
significantly improves the performance. The SCS-CCSD method
gives RMSDs ranging between 3.8 (uncat) and 4.0 kJ mol–1

(1H2O). The CCSD(T) method shows excellent performance for
the three subsets, with RMSDs equal to (or smaller than)
2.2 kJ mol–1. The CCSD(T)/CBS(MP2) method provides outstanding
performance for the whole database as well as its three subsets
and achieves RMSDs of 1.6 (uncat), 0.8 (1H2O), 2.6 (2H2O), and
1.8 kJ mol–1 (overall WCPT27 dataset).

4.2.4. Performance for barrier heights of hydrogen-transfer and
nonhydrogen-transfer reactions (BH76 database)

We also evaluate the performance of standard and modified
ab initio methods for the reaction barrier heights in the BH76 data-
base. Table 12 gives an overview of the performance of the exam-
ined methods in conjunction with the A’VQZ basis sets for the
BH76 database and its two subsets (HTBH38 and NHTBH38) [35].
Table S12 (Supplementary data) gives an overview of the basis
set convergence for the BH76 database with the A’VnZ basis sets
(n = D and T). We note that practically all the MPn-based methods
converge rapidly to the basis set limit. For example, the differences
in RMSDs for the overall BH76 database between the A’VTZ and
A’VQZ basis sets for the MPn-based methods (except for MP2, for
which the difference is 1.0 kJ mol–1) are equal to or smaller than
0.4 kJ mol–1 (in absolute value).

Inspection of Table 12 reveals that the whole BH76 database is a
challenging test for all the considered MPn-based methods, with



Table 11
Statistical analysis for the performance of ab initio methods for the reaction barrier
heights in the WCPT27 dataset and its three subsets (in kJ mol–1).a

Datasets Basis sets Methods RMSD MAD MSD

Uncatb A’VQZ MP2 7.7 7.5 –7.5
SCS-MP2 5.3 4.7 4.7
MP2.5 3.8 3.5 3.5
MP3 14.7 14.5 14.5
SCS-MP3 10.4 10.2 10.2

A’VTZ MP2 7.2 7.1 –7.1
SCS-MP2 5.8 5.0 5.0
MP2.5 4.0 3.8 3.8
MP3 14.9 14.7 14.7
SCS-MP3 10.8 10.4 10.4
MP4(SDQ) 13.1 12.6 12.6
MP4 5.2 4.7 –4.7
MP3.5 5.1 5.0 5.0
MP4avg 4.7 4.0 3.9
CCSD 14.3 13.8 13.8
SCS-CCSD 3.8 3.2 3.2
CCSD(T) 0.8 0.7 0.0

CBS(MP2) CCSD(T) 1.6 1.4 -1.4

1H2O catc A’VQZ MP2 10.8 10.4 –10.4
SCS-MP2 9.2 9.1 9.1
MP2.5 1.7 1.4 0.5
MP3 11.8 11.5 11.5
SCS-MP3 14.8 14.5 14.5

A’VTZ MP2 11.2 10.8 –10.8
SCS-MP2 8.7 8.4 8.4
MP2.5 1.8 1.4 0.1
MP3 11.4 11.1 11.1
SCS-MP3 14.2 13.9 13.9
MP4(SDQ) 13.2 12.9 12.9
MP4 5.9 5.5 –5.5
MP3.5 3.0 2.8 2.8
MP4avg 4.0 3.7 3.7
CCSD 14.5 14.1 14.1
SCS-CCSD 4.0 3.3 2.8
CCSD(T) 1.5 1.3 –0.8

CBS(MP2) CCSD(T) 0.8 0.7 0.6

2H2O catd A’VQZ MP2 12.2 11.7 –11.7
SCS-MP2 13.4 13.3 13.3
MP2.5 1.9 1.6 0.7
MP3 13.3 13.0 13.0
SCS-MP3 19.6 19.4 19.4

A’VTZ MP2 13.7 13.2 –13.2
SCS-MP2 11.7 11.5 11.5
MP2.5 2.1 1.7 –0.8
MP3 12.0 11.7 11.7
SCS-MP3 17.9 17.7 17.7
MP4(SDQ) 15.6 15.3 15.3
MP4 7.0 6.5 –6.5
MP3.5 2.9 2.6 2.6
MP4avg 4.7 4.4 4.4
CCSD 17.0 16.7 16.7
SCS-CCSD 3.9 3.3 2.7
CCSD(T) 2.2 1.8 –1.4

CBS(MP2) CCSD(T) 2.6 2.5 2.5

Overalle A’VQZ MP2 10.4 9.9 –9.9
SCS-MP2 9.9 9.0 9.0
MP2.5 2.7 2.2 1.6
MP3 13.3 13.0 13.0
SCS-MP3 15.4 14.7 14.4

A’VTZ MP2 11.0 10.3 –10.3
SCS-MP2 9.0 8.3 8.3
MP2.5 2.8 2.3 1.1
MP3 12.8 12.5 12.5
SCS-MP3 14.6 14.0 14.0
MP4(SDQ) 14.0 13.6 13.6
MP4 6.1 5.6 –5.6
MP3.5 3.8 3.4 3.4
MP4avg 4.5 4.0 4.0
CCSD 15.3 14.9 14.9
SCS-CCSD 3.9 3.3 2.9
CCSD(T) 1.6 1.3 –0.8

CBS(MP2) CCSD(T) 1.8 1.5 0.6

a Footnotes a and b to Table 2 apply here.
b Subset of uncatalyzed reactions.
c Subset of reactions catalyzed by one water molecule.
d Subset of reactions catalyzed by two water molecules.
e Including all the uncatalyzed and catalyzed reaction barrier heights.

Table 12
Statistical analysis for the performance of ab initio methods for the reaction barrier
heights in the BH76 dataset and its two subsets HTBH38 and NHTBH38 (in kJ mol–1).a

Datasets Basis sets Methods RMSD MAD MSD

HTBH38 subset A’VQZ MP2 18.5 14.1 5.1
SCS-MP2 24.3 21.0 21.0
MP2.5 14.9 10.8 9.9
MP3 17.5 14.7 14.7
SCS-MP3 25.5 23.4 23.4
MP4(SDQ) 15.3 12.9 12.9
MP4 9.1 6.4 2.7
MP3.5 11.8 8.7 8.7
MP4avg 10.7 7.8 7.8
CCSD 10.9 9.6 9.3
CCSD(T) 1.2 1.0 0.2

CBS(MP2) CCSD(T) 1.5 1.2 0.5

NHTBH38 subset A’VQZ MP2 10.7 8.3 4.8
SCS-MP2 15.2 12.8 11.8
MP2.5 12.1 11.0 10.6
MP3 19.5 16.3 16.3
SCS-MP3 17.0 15.2 14.6
MP4(SDQ) 12.7 10.5 10.5
MP4 6.5 4.5 –1.6
MP3.5 8.8 7.4 7.4
MP4avg 6.3 5.1 4.4
CCSD 12.1 10.0 10.0
CCSD(T) 0.8 0.6 0.0

CBS(MP2) CCSD(T) 1.6 1.3 0.0

BH76 set A’VQZ MP2 15.1 11.2 5.0
SCS-MP2 20.3 16.9 16.4
MP2.5 13.6 10.9 10.2
MP3 18.5 15.5 15.5
SCS-MP3 21.6 19.3 19.0
MP4(SDQ) 14.0 11.7 11.7
MP4 7.9 5.5 0.6
MP3.5 10.4 8.0 8.0
MP4avg 8.8 6.5 6.1
CCSD 11.5 9.8 9.6
CCSD(T) 1.0 0.8 0.1

CBS(MP2) CCSD(T) 1.6 1.2 0.3

a Footnotes a and b to Table 2 apply here.
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RMSDs ranging between 7.9 (MP4) and 21.6 kJ mol–1 (SCS-MP3).
The CCSD method attains an RMSD of 11.5 kJ mol–1, whilst CCSD
(T) gives superb performance with an RMSD of merely
1.0 kJ mol–1. The cost-effective CCSD(T)/CBS(MP2) approach per-
forms very well with an RMSD of 1.6 kJ mol–1.

The HTBH38 subset consists of 38 barrier heights for hydrogen-
transfer reactions. All the MPn-based methods provide poor perfor-
mance for this subset with RMSDs ranging between 9.1 (MP4) and
25.5 kJ mol–1 (SCS-MP3). Interestingly, nearly all the examined
MPn-based procedures systematically overestimate the barrier
heights for the HTBH38 subset, as evident from MSD � MAD. The
CCSD procedure also results in a large RMSD of 10.9 kJ mol–1, how-
ever, CCSD(T), as expected, provides excellent performance with an
RMSD of 1.2 kJ mol–1. The CCSD(T)/CBS(MP2) method gives similar
performance, resulting in an RMSD of 1.5 kJ mol–1.

The subset of non-hydrogen transfer barrier heights, NHTBH38,
contains three types of barrier heights, namely for heavy atom
transfer (HATBH12), nucleophilic substitution (NSBH16), and uni-
molecular/association (UABH10) reactions. The MPn-based proce-
dures give RMSDs ranging from 6.3 (MP4avg) to 19.5 kJ mol–1

(MP3). Once again nearly all the tested MPn-based methods sys-
tematically overestimate the barrier heights for the NHTBH38 sub-
set, with MSD � MAD, except for MP4. The MP4 procedure shows
very similar performance to MP4avg, obtaining an RMSD of
6.5 kJ mol–1. The CCSD procedure gives poor performance, how-
ever, the CCSD(T) method results in an exceptionally low RMSD
of 0.8 kJ mol–1, which increases to 1.6 kJ mol–1 for the cost-effec-
tive CCSD(T)/CBS(MP2) procedure.



Table 13
Computational resources used for single-point-energy MPn and CCSD(T) calculations
for naphthacene.a,b

Level of theory CPU hoursc

MP2/VTZ 0.4
MP3/VTZ 0.6
MP4/VTZ 20.6
CCSD(T)/VTZ 31.4

a All the calculations ran on 1 core of dual Intel Xeon E5-2670v2 systems
(3.1 GHz, 256 GB RAM).

b Scratch disk usage was similar in all cases (i.e., 60–70 GB of scratch disk was
used).

c Central processing unit (CPU) times in hours.
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4.3. Overview of the performance of the modified MPn procedures for
thermochemical and kinetic properties

In order to compare the overall performance of the various
MPn-based procedures over a range of databases it is useful to
define a weighted total root mean square deviation (WTRMSD),
which combines the RMSDs for all the databases into a single
RMSD for each method. We note that the W4-11 and BH76 data-
bases have been excluded from this statistical analysis since many
of the MPn-based procedures show poor performance for these
datasets (see above). We will use a similar approach to that used
by Goerigk and Grimme [5,55]. Namely, the WTRMSD is taken as:

WTRMSD ¼ 1
523:1

�
X9

i¼1

Ni � RMSDMP2
i

RMSDMP4
i

� RMSDi ð7Þ

Since some of the chemical properties (e.g., reaction barrier
heights) are more challenging than others (e.g., conformational
and isomerization energies), this equation takes into account the
relative difficulty of each database as the ratio between the RMSDs
for the MP2 and MP4 methods. However, we note that removing
this ratio from Eq. (7) has a very small effect on the final
WTRMSDs, in particular they change by less than 0.2 kJ mol–1.
The WTRMSDs (without the challenging W4-11 and BH76 data-
sets) are summarized in Fig. 2, whilst the WTRMSDs with the
W4-11 and BH76 datasets are listed in Table S13 (Supplementary
data).

Of the MP2- and MP3-based procedures, the MP2.5 method
puts in the best overall performance with a WTRMSD of
3.4 kJ mol–1, and even outperforms the MP4 and CCSD methods.
The MP3 and CCSD methods result in similar performance with
WTRMSDs of 5.1 and 5.0 kJ mol–1, respectively. We note that sim-
ilar observations have been previously found for weak interactions
[22,56–58]. The other MP2- and MP3-based methods (MP2, SCS-
MP2, MP3, and SCS-MP3) show poor overall performance with
WTRMSDs ranging between 4.7 (SCS-MP2) and 7.1 kJ mol–1

(MP2). Fig. 2 shows that there is a significant improvement in per-
formance of the MP4-based methods in the order: MP4(SDQ)?
MP4?MP4avg ?MP3.5. The MP4(SDQ) method attains a
WTRMSD of 5.6 kJ mol–1. The MP4 method attains a lower
WTRMSD of 4.2 kJ mol–1, which is smaller than that for the CCSD
and SCS-CCSD procedures. The modified MP4-based methods
(MP4avg and MP3.5) show better performance than MP4 at no
Fig. 2. Weighted total root mean square deviations (WTRMSDs, in kJ mol–1) for the consi
statistics (see main text). The values for the tetrapeptide conformers dataset are base
databases are based on data obtained with the cc-pVTZ or A’VTZ basis sets.
additional computational cost. The MP4avg procedure results in a
WTRMSD of 3.1 kJ mol–1, however it does not represent a signifi-
cant improvement over the computationally more economical
MP2.5 method (with a WTRMSD of 3.4 kJ mol–1). The MP3.5 proce-
dure shows stellar performance with a WTRMSD of 1.9 kJ mol–1,
which is the same as that for the CCSD(T)/A’VTZ method.

We note in passing that optimizing the empirical coefficients of
the MP3.5 and MP4avg methods (Eqs. (5) and (6)) to minimize the
RMSD for each of the databases leads to optimal scaling coeffi-
cients which are close to 0.5 for most of the databases. The opti-
mized coefficients for the MP3.5 and MP4avg methods are
summarized in Table S14 of the Supplementary data.

It is also of interest to compare the performance of the spin-
component scaled methods (SCS-MP2, SCS-MP3, and SCS-CCSD).
For a number of thermochemical databases, the SCS-MP2 and
SCS-MP3 procedures have been found to give similar performance
[8,12,13]. Here we also find that the three procedures show similar
overall performance with WTRMSDs ranging between 4.7 (SCS-
MP2) and 5.4 kJ mol–1 (SCS-MP3). Finally, a comment is due on
the computational cost of these methods. Table 13 gives the rela-
tive central processing unit (CPU) times used by the MPn methods
for naphthacene (C18H12, in D2h symmetry). All the calculations
were carried out in conjunction with the cc-pVTZ basis set. We
can see that for a highly symmetric, medium-sized system such
as naphthacene the MP2 and MP3 calculations take a fraction of
the CPU time compared to the MP4 and CCSD(T) calculations.
Therefore, methods such as SCS-MP2, SCS-MP3, and MP2.5 provide
significant computational savings relative to the MP4 and CCSD(T)
dered methods. The challenging W4-11 and BH76 datasets are excluded from these
d on data obtained with the cc-pVDZ basis set, while the values for all the other
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methods, and are recommended in cases where they show good
performance. Nevertheless, the MP4 calculation requires 66% of
the CPU time required for the CCSD(T) calculation. Therefore,
methods such as MP3.5 and MP4avg still provide reduced
computational cost relative to CCSD(T) and are recommended
in cases where they give similar performance to the CCSD(T)
method.
5. Conclusions

We have assessed the performance of standard and modified
ab initio methods for a wide range of thermochemical and kinetic
properties including atomization energies, isomerization energies,
conformational energies, barrier heights for hydrogen transfer and
non-hydrogen transfer reactions. The reference values were
obtained at the CCSD(T)/CBS level of theory by means of the Wn
and Wn-F12 (n = 1 and 2) thermochemical protocols (except for
the W4-11 dataset for which the reference values were obtained
at the FCI/CBS level). With regards to the performance for thermo-
chemical properties, we make the following observations:

� None of the MPn-based methods give acceptable performance
for the extremely challenging W4-11 dataset. The best perform-
ing MPn-based methods result in RMSDs of 13.3 (MP2.5), 14.6
(MP4avg), 16.5 (MP3.5), and 16.7 kJ mol–1 (MP4). Whilst the
worst performing methods (MP2, SCS-MP2, and MP3) result in
RMSDs > 45.0 kJ mol–1. The cost-effective approach CCSD(T)/
CBS(MP2) method, on the other hand, shows good performance
with an RMSD of 3.8 kJ mol–1.

� MP2.5 in conjunction with the A’VTZ or cc-pVTZ basis set per-
forms very well for isomerization and conformational energies
and obtains RMSDs of 4.0 (HxCyOz isomers), 1.1 (DIE60 isomers),
0.7 (EIE22 isomers), 0.19 (CnH2n+2 conformers), and 2.7 kJ mol–1

(tetrapeptide conformers).
� The modified MP4-based method, MP3.5, provides superb per-
formance for all of the tested thermochemical properties (apart
from atomization energies). The following RMSDs are obtained
with the A’VTZ basis set: 3.0 (C8H8 isomers), 1.6 (HxCyOz iso-
mers), 0.5 (DIE60 and EIE22 isomers), and 0.15 kJ mol–1 (CnH2n+2

conformers). The MP4avg method gives slightly higher RMSDs
for the abovementioned databases.

� With no exceptions, the cost-effective CCSD(T)/CBS(MP2)
approach shows excellent performance for all the considered
datasets, resulting in RMSDs between 0.14 (CnH2n+2 conformers)
and 3.8 kJ mol–1 (W4-11 dataset).

With regards to the performance of the standard and modified
ab initio methods for reaction barrier heights, we draw the follow-
ing conclusions:

� The BH76 database is a challenging test for all the MPn-based
methods. The RMSDs for this database range between 7.9
(MP4) and 21.6 kJ mol–1 (SCS-MP3).

� The MP2.5 method in conjunction with the A’VTZ basis set per-
forms very well for the reaction barrier heights of proton-trans-
fer or proton-exchange reactions, with RMSDs of 3.2 (IACBH8),
2.4 (BHPE13), and 2.8 kJ mol–1 (WCPT27). The MP3.5 and
MP4avg methods also show good performances for these data-
bases, albeit at a higher computational cost.

� MP3 and its spin-components scaled procedure SCS-MP3 in
conjunction with the A’VTZ basis set give poor performance
for the proton-transfer and proton-exchange reactions, with
RMSDs ranging from 12.8 (MP3 for the WCPT27 dataset) to
18.8 kJ mol–1 (SCS-MP3 for the BHPE13 dataset). For the BH76
database, MP3 and SCS-MP3 obtain RMSDs of 18.5 and
21.6 kJ mol–1, respectively with the A’VQZ basis set.
� The cost-effective CCSD(T)/CBS(MP2) method shows outstand-
ing performance for all the datasets with RMSDs of 2.1
(IACBH8), 3.4 (BHPE13), 1.8 (WCPT27), and 1.6 kJ mol–1 (BH76).

With regards to the overall performance of the considered
methods for thermochemistry and kinetics (excluding the W4-11
and BH76 datasets), we draw the following conclusions:

� The MP2.5 method provides excellent overall performance
(with WTRMSD = 3.4 kJ mol–1) and even outperforms the MP4
and CCSD methods (with WTRMSDs = 4.2 and 5.0 kJ mol–1,
respectively).

� The other MP2- and MP3-based methods (MP2, SCS-MP2, MP3,
and SCS-MP3) show poorer overall performance with
WTRMSDs ranging between 4.7 (SCS-MP2) and 7.1 kJ mol–1

(MP2).
� The modified MP4-based methods (MP3.5 and MP4avg) show
better performance than MP4 at no additional computational
cost. In particular, the MP3.5 procedure shows stellar perfor-
mance with a WTRMSD of 1.9 kJ mol–1, which is the same
WTRMSD obtained for the CCSD(T) method in conjunction with
the same basis set.
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Appendix A. Supplementary data

The MSD values of MPn-based methods (n = 2, 3, and 4) for the
tested datasets (Table S1); overview of basis set convergence for
the W4-11 database (Table S2); statistical analysis for the perfor-
mance of the considered methods in conjunction with the cc-pVDZ
or A’VDZ basis set for the C8H8 isomers (Table S3), HxCyOz isomers
(Table S4), DIE60 isomers (Table S5), EIE60 isomers (Table S6), Cn-
H2n+2 conformers (Table S7), CnH2n+2 conformers (Table S8), IACBH8
reaction barrier heights (Table S9), BHPE13 reaction barrier heights
(Table S10), and WCPT27 reaction barrier heights (Table S11); sta-
tistical analysis for the performance of the tested ab initio methods
in conjunction with the A’VnZ basis sets (n = D and T) for the BH76
database (Table S12); WTRMSDs for all the 11 databases
(Table S13); optimal coefficients for the MP3.5 and MP4avg meth-
ods for each of the databases (Table S14); and full references for
Gaussian 09 (Ref. [45]) and Molpro (Ref. [44]).

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chemphys.2016.
10.009.
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