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Based  on  the  A� diagnostic  for multireference  effects  recently  proposed  [U.R.  Fogueri,  S. Kozuch,  A. Karton,
J.M. Martin,  Theor.  Chem.  Acc.  132  (2013)  1], a simple  method  for improving  total  atomization  energies
and  reaction  energies  calculated  at the  CCSD  level  of  theory  is  proposed.  The  method  requires  a CCSD

calculation  and two  additional  density  functional  theory  calculations  for the  molecule.  Two  sets  con-
taining  139  and  51  molecules  are  used  as training  and  validation  sets,  respectively,  for  total  atomization
energies.  An  appreciable  decrease  in the  mean  absolute  error  from  7–10  kcal  mol−1 for  CCSD  to about
2  kcal  mol−1 for  the  present  method  is  observed.  The  present  method  provides  atomization  energies  and
reaction  energies  that  compare  favorably  with  relatively  recent  scaled  CCSD  methods.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

In the theoretical calculation of molecular thermodynamic
roperties the total atomization energy (TAE) becomes usually the
ain contribution and the harder to calculate.
In the context of ab-initio methods, the calculation of TAE is

sually carried out within the coupled-cluster (CC) framework [1].
owever, accurate results require the calculation of higher excita-

ions and large enough basis sets, which are very demanding from
 computational point of view when they are compared with other
lternatives.

The first available choice is the CC method including single
nd double excitations and perturbative corrections to account for
riple excitations, CCSD(T) [2]. The CCSD(T) method is robust and
ccurate enough when the system under study is dominated by a
ingle reference and, moreover, it is available in almost any soft-
are package devoted to quantum chemical calculations. For most

pplications, the main drawback of this method lies in its computa-
ional cost, which scales as N6 and as N7 for CCSD [3,4] and CCSD(T),

espectively, N  being the system size. Due to such scalings with the
ystem size, many approximations to CCSD(T) have been developed
n recent years [5–10].

∗ Corresponding author.
E-mail addresses: hernan.sanchez@quimica.unlp.edu.ar (H.R. Sánchez),

is diez@quimica.unlp.edu.ar (R. Pis Diez).
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009-2614/© 2016 Elsevier B.V. All rights reserved.
When post Hartree–Fock methods based on a single Slater deter-
minant, as those derived from the single-reference CC framework,
provide results with relatively large errors when they are compared
with methods that include higher excitations it is said that mul-
tireference effects are present. This is due to the fact that the Slater
determinant obtained with the Hartree–Fock method presents not
enough flexibility to account for the energy lowering known as
static correlation energy. When this is the case, multiconfigura-
tion methods could be used to construct a wavefunction that could
recover the static component of the correlation energy [11].

It is then important to quantify those multireference effects to
judge the reliability of the post Hartree–Fock calculation. Several
tests have been proposed to diagnostic the multireference charac-
ter in a CCSD calculation. The so-called T1 diagnostic is based on
the norm of the t1 vector, which is scaled by the number of corre-
lated electrons in the closed-shell system [12]. When T1 is greater
than 0.02 the CCSD method is probably unreliable to obtain accu-
rate results. Janssen and Nielsen proposed another diagnostic for
closed-shell systems, D1, which is based on the matrix 2-norm of
the t1 vector [13]. Extensions of the D1 diagnostic to open-shell
configurations were also proposed [14,15].

More recently, two  new diagnostics have been proposed, which
are based on the fact that the static component of the correla-

tion energy is related to triple and higher excitations within the
CC framework. Karton and coworkers proposed that the percent-
age contribution of quadruple and quintuple excitations to the
TAE, %TAEe[T4 + T5], is a good diagnostic of multireference effects

dx.doi.org/10.1016/j.cplett.2016.02.040
http://www.sciencedirect.com/science/journal/00092614
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2016.02.040&domain=pdf
mailto:hernan.sanchez@quimica.unlp.edu.ar
mailto:pis_diez@quimica.unlp.edu.ar
dx.doi.org/10.1016/j.cplett.2016.02.040


ical Ph

[
c
%
T
t
c

n
s
A
w
t
T
f
t
t
e
T

%
r
w

e
e
i
b
t
s
w
r

2

u
d
B
a
t
o
I
C
t
a
C
o
a
n

%
G
f
r
p
f
i
T
T

p
v
r
r
c

H.R. Sánchez, R. Pis Diez / Chem

16]. Moreover, the authors also found that the corresponding per-
entage contribution of perturbative triple excitations to the TAE,
TAEe[(T)], exhibits a good linear correlation with %TAEe[T4 + T5].
his fact suggests that %TAEe[(T)] could also be used as a mul-
ireference diagnostic with the additional advantage of being more
heaper than the diagnostic derived from higher excitations.

Following similar ideas, Fogueri and coworkers proposed a
ew diagnostic for multireference effects based on the den-
ity functional theory (DFT) [17]. The diagnostic is defined as
� = �−1(1 − TAEe[�]/TAEe[0]), where TAEe[�] is the TAE calculated
ith a given hybrid exchange-correlation functional, in which � is

he fraction of exact exchange, and TAEe[0] is the corresponding
AE obtained with the pure version of that exchange-correlation
unctional, that is, without exact exchange. The authors found
hat A� shows a good linear correlation with %TAEe[T4 + T5]. Fur-
hermore, A� seems to be very insensitive to the choice of the
xchange-correlation functional according to results reported in
able 2 of Ref. [17].

Interestingly, it can be argued a priori that as both A� and
TAEe[(T)] correlate well with %TAEe[T4 + T5], they must also cor-
elate well to each other. This correlation was in fact characterized
ith a squared correlation coefficient, R2, greater than 0.9 [17].

Then, it is proposed in the present Letter that A� can be used to
stimate the contribution of post-CCSD excitations to the TAE. That
stimation requires only two additional DFT calculations, which
mplies a negligible increase in the overall computational cost
ecause DFT calculations scale as N3–N4. Moreover, it is pertinent
o remark that accurate TAE values allow the reliable calculation of
ome reaction energies. Thus, economical and accurate TAE values
ould expand the calculation of reaction energies to more complex

eactions.

. Method

The W4-11 set for computational thermochemistry [16,17] is
sed to test our proposal. The dataset has a total of 140 very
iverse molecules. As it has been done elsewhere, [16,17] the
e2 molecule is excluded from the test set due to its extremely
nomalous behavior. The post-CCSD contributions to the elec-
ronic part of the TAE values from different levels of theory are
btained from the Supporting Information found in Refs. [16,17].
n particular, those contributions are calculated as %TAEe[post-
CSD] = %TAEe[(T)] + %TAEe[T3−(T)] + %TAEe[T4 + T5], where (T) is
he contribution of the triple excitations calculated perturbatively
fter the CCSD calculation, whereas T3 − (T) and T4 + T5 are the post-
CSD(T) contribution. It is worth mentioning that TAEe values were
btained using the frozen-core and non-relativistic approximations
nd, moreover, they include neither zero point energy corrections
or thermal corrections.

Ordinary least squares regression is employed to correlate
TAEe[post-CCSD] with the A0.25 values obtained with the hybrid
GA PBE0 functional [18] and its pure counterpart, the GGA PBE

unctional [19]. The regression parameters, together with the cor-
esponding A0.25 value, are then used to estimate the post-CCSD
ercentage contribution to the TAEe with an equation of the
orm %TAEe[post-CCSD] =  ̨ + ˇA0.25. Finally, that value is used
n conjunction with the TAEe calculated at CCSD level of theory,
AEe[CCSD], to obtain a final estimation for the TAEe according to
AEe = 100 TAEe[CCSD]/(100−%TAEe[post-CCSD]).

To get a quantitative estimate of the predictive power of the
resent model an internal validation is carried out. The internal

alidation is used to avoid the utilization of any other test set that
equires a very high level of theory to achieve accurate enough
eference values. On the other hand, although the W4-11 dataset
ould be split into a validation set and a test set, the diversity
ysics Letters 649 (2016) 68–72 69

of the molecules in the original dataset could easily lead to a
wrong choosing of those sets. For the internal validation process
the Leave-One-Out method [20] is employed. Within this method,
139 different linear models are fitted. Each model is formed using
138 of the original 139 molecules, whereas the remaining molecule
is used to validate the model.

A subset of 51 molecules from the overall set of 212 molecules
used by Feller to calibrate the CCSD(T*) method for the calcula-
tion of TAE was  used as a further validation set [21]. Despite the
fact that the reference values reported by that author neglect exci-
tations higher than triple excitations, they are accurate enough
for the purpose of validation. For the present calculations, geom-
etry optimizations were performed at the PBE/def2-QZVP and
PBE0/def2-QZVP levels of theory, and the total electronic ener-
gies were those corresponding to the optimized geometries. Both
TAEe[�] and TAEe[0] are then calculated by subtracting the total
electronic energies of the corresponding constituent atoms in their
ground states. Finally, TAEe[CCSD] values were calculated at the
CCSD/aug-cc-pV(5+d)Z//PBE0/def2-QZVP level of theory.

To explore further the performance of the present proposal, a
set of 14 TAE values and a set of 19 reaction energies obtained with
the spin-component scaled CCSD method (SCS-CCSD) [22] are used
for comparison. Present reaction energies were calculated as the
difference between the TAE of the reactants and the TAE of the
products.

All the statistical calculations were carried out with the SciPy
[23] and the scikit-learn software packages [24]. Geometry opti-
mizations and electronic structure calculations were carried out
with the G09 program [25].

3. Results and discussion

From the linear regression analysis we obtained a value of
16.901 for  ̨ and a value of 0.090053 for ˇ, with a squared cor-
relation coefficient (R2) of 0.91. The entire W4-11 dataset is used
for fitting the model.

The comparison of the model built using the original 139
molecules in the fitting set with the 139 different models obtained
through the Leave-One-Out method shows a mean absolute differ-
ence of only 0.030 kcal mol−1, being the largest absolute difference
of 0.28 kcal mol−1. Although the differences are small enough for
practical purposes, the individual errors of the Leave-One-Out
procedure are considered for making assertions and comparisons
concerning the present method.

Table 1 shows the reference values of the TAEe of every
molecule in the W4-11 dataset, obtained as the contribu-
tion of TAEe[SCF], TAEe[CCSD], TAEe[(T)], TAEe[T3 − (T)], and
TAEe[T4 + T5], as reported in Ref. [17]. The errors of the CCSD and
CCSD(T) methods, as well as the errors of the method proposed
in the present work, are also shown in the table. The relation-
ship between the reference values of the TAEe and the TAEe
values obtained with the present method is shown in Figure 1.
An impressive decrease of the mean absolute error (MAE) from
9.82 kcal mol−1 for the CCSD level of theory to 1.99 kcal mol−1 for
the present method is found. The MAE  for the CCSD(T) method,
on the other hand, is only 0.38 kcal mol−1. The maximum abso-
lute errors (MAX) are 30.8, 14.0 and 3.5 kcal mol−1 for the CCSD,
the present proposal and the CCSD(T) methods, respectively. The
two-sided p-value that compares the CCSD method and the present
method with the Wilcoxon test is about 10−24, indicating that our
method is a clear improvement over the CCSD level of theory for

the calculation of total atomization energies.

It is also of interest to compare the performance of the present
method with the results obtained with other methods for the
whole W4-11 dataset. As can be seen in Table 6 of Ref. [17], only
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Table 1
Reference values (RV) for the total atomization electronic energies of the 139 molecules in the test set considered in this work. Individual errors for the CCSD method (�CCSD),
for  our proposed estimation (�m

CCSD) and for the CCSD(T) method (�CCSD(T)) are given. Mean absolute error (MAE) and maximum absolute error (MAX) are also provided. Both
reference values and errors are given in kcal mol−1.

Molecule RV �CCSD �m
CCSD �CCSD(T) Molecule RV �CCSD �m

CCSD �CCSD(T) Molecule RV �CCSD �m
CCSD �CCSD(T)

Oxirene 453.6 14.5 0.0 −0.1 CH2NH2 480.4 6.9 0.4 0.0 BH3 280.1 0.8 −1.0 0.0
Oxirane 649.0 11.6 −0.4 0.2 CH3NH 473.1 6.3 0.3 −0.1 BN 104.0 19.2 −5.1 0.3
Dioxirane 408.9 15.0 2.0 −0.3 CH3NH2 580.5 7.2 −0.3 0.1 BF 181.8 4.0 1.4 0.1
Ketene 530.7 13.2 0.6 −0.1 CF2 258.3 9.3 3.0 −0.1 NH 83.0 1.3 0.8 −0.1
Acetaldehyde 675.3 11.6 0.1 0.0 N2H 224.0 9.9 2.2 −0.4 NH2 182.2 2.6 1.1 −0.1
Formic 500.2 12.5 2.5 0.1 t-N2H2 295.7 10.2 2.2 −0.3 HCN 311.7 9.5 0.9 −0.3
Acetic  801.1 16.1 0.7 0.1 N2H4 437.1 8.4 1.7 0.0 HOF 158.5 8.6 3.4 −0.4
Methanol 512.0 6.8 0.5 0.1 FO2 134.7 23.7 −2.4 −3.0 AlH 73.7 0.1 0.2 0.0
Ethanol 808.6 10.3 −1.0 0.2 FOOF 152.6 27.6 1.1 −1.8 AlH3 213.8 0.2 −1.1 0.0
Glyoxal 632.4 17.3 1.9 −0.2 AlF3 431.0 7.5 3.7 0.4 AlF 163.2 3.1 1.9 0.2
t-HCOH 321.6 7.4 1.4 −0.2 Si2H6 535.9 2.9 −4.1 0.0 AlCl 122.3 2.9 −1.5 0.1
c-HCOH 316.8 7.6 1.5 −0.2 P4 288.8 21.2 −11.4 0.6 SiH 73.9 0.5 −0.1 −0.1
HCNH  334.7 9.0 0.7 −0.2 SO2 259.6 16.2 1.9 −0.4 SiH4 325.0 1.0 −1.8 −0.1
HOCN  408.0 13.7 2.2 −0.1 SO3 345.7 20.6 2.7 −0.3 SiO 192.0 8.5 1.0 −0.2
HONC  348.5 14.3 2.2 −0.2 OCS 334.3 14.8 −0.9 −0.3 SiF 142.3 3.5 1.7 0.1
HNCO  432.5 14.7 1.9 −0.1 CS2 279.1 16.2 −5.0 −0.5 CS 171.4 10.2 −2.5 −0.5
HCNO  362.6 17.7 1.8 −0.4 S2O 208.0 17.7 −2.3 −0.8 H2 109.5 0.0 0.3 0.0
c-N2H2 290.4 10.4 2.3 −0.3 S3 167.7 18.3 −6.7 −1.2 OH 107.0 1.7 1.0 −0.1
HNNN 330.2 19.4 1.9 −0.8 S4-C2v 233.7 30.8 −14.0 −2.4 HF 141.4 2.1 1.3 0.1
HNC  296.7 8.9 0.5 −0.1 BeCl2 223.6 4.9 −3.1 0.0 H2O 232.6 3.5 1.3 0.0
t-HONO 312.1 17.5 4.0 −0.8 CCl2 176.8 11.1 −2.4 −0.5 CH 84.1 1.0 0.2 −0.1
c-HONO 311.7 17.3 3.9 −0.7 AlCl3 312.9 6.8 −5.8 0.3 CH2-trip 189.9 1.0 −0.3 0.0
NH2Cl 247.5 6.9 0.4 −0.1 ClCN 283.6 12.6 −0.1 −0.2 CH3 306.8 1.9 −0.5 0.0
t-HOOO 233.1 20.8 3.5 −2.3 OClO 127.7 17.9 −0.1 −0.6 CH4 419.2 2.9 −0.8 0.0
c-HOOO 232.9 19.1 4.3 −1.9 ClOO 126.4 22.9 −5.5 −3.5 CCH 264.0 8.2 −1.1 −0.4
CH3F 421.8 5.2 0.9 0.1 Cl2O 101.3 11.4 0.3 −0.3 C2H2 403.0 8.4 −1.0 −0.1
CH2F2 436.6 7.8 2.4 0.2 BN3PI 104.7 7.2 −0.4 −0.8 NH3 297.4 3.9 0.9 0.0
CF4 477.7 12.9 4.3 0.4 CF 132.4 5.1 1.8 −0.1 C2 145.7 19.7 −3.9 −0.4
SiH3F 382.7 2.8 −0.1 0.3 BeF2 306.9 5.7 2.7 0.1 N2 227.6 9.8 2.2 −0.4
SiF4 576.9 9.4 3.3 0.7 CH2C 358.1 7.2 −0.5 −0.3 CO 258.7 8.1 1.2 −0.1
C2H3F 571.4 10.2 0.3 0.0 CH2CH 443.9 6.9 −1.1 −0.2 CN 180.2 11.3 0.7 −0.9
C2H5F 719.1 8.8 −0.6 0.2 C2H4 561.7 7.4 −1.6 0.0 NO 152.3 9.9 1.9 −0.4
FCCF  383.1 13.7 2.7 0.0 CH2NH 437.8 8.6 0.5 −0.1 O2 120.5 9.8 1.7 −0.6
HCCF  395.8 11.1 1.0 0.0 HCO 278.2 8.6 1.3 −0.2 OF 53.1 7.7 1.8 −0.9
HCOF  402.4 11.1 2.9 0.0 H2CO 373.3 8.0 1.5 0.0 F2 39.1 8.3 1.5 −0.7
F2CO 419.1 13.4 3.9 0.2 CO2 388.3 13.9 2.6 −0.1 PH3 241.9 2.2 −0.6 −0.2
CH2-sing 181.1 2.2 −0.3 −0.3 HNO 205.4 10.5 2.8 −0.5 HS 87.6 1.1 −0.2 −0.1
Propane 1004.3 9.9 −3.9 0.2 NO2 227.1 20.4 0.7 −1.1 H2S 183.6 2.3 −0.6 −0.1
Propene 857.9 11.1 −3.1 0.1 N2O 269.6 19.5 2.0 −0.7 HCl 107.3 1.5 −0.4 0.0
Propyne 701.8 11.9 −2.3 0.1 O3 147.3 28.5 −4.2 −2.9 SO 125.9 8.6 0.3 −0.2
Allene  700.4 12.2 −1.8 0.1 HOO 175.3 8.6 3.6 −0.5 ClO 65.2 7.0 0.9 −0.7
B2H6 604.1 4.7 −3.5 −0.2 HOOH 268.7 9.2 3.5 −0.2 ClF 62.7 5.5 1.6 −0.2
BHF2 409.3 5.9 2.2 0.2 F2O 93.9 14.6 2.9 −0.9 P2 116.7 10.3 −3.6 −0.7
BF3 469.0 8.0 3.3 0.3 HOCl 165.9 6.9 1.3 −0.1 S2 103.8 8.0 −2.9 −0.3
C2H6 710.6 6.3 −2.3 0.1 SSH 164.7 6.5 −1.7 −0.2 Cl2 59.6 4.7 −1.0 −0.1
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ouble hybrid density functionals provide MAE  values around or
elow 2 kcal mol−1. On the other hand, composite thermochemical
rocedures, which include up to triple excitations within the CC
ethodology, consistently show MAE  values below 2 kcal mol−1.

he G3 [26], G4 [27] and CBS-QB3 [28,29] methods provide MAE
alues in the range of 1.5 and 1.7 kcal mol−1. The G4(MP2)-6X [30]
rocedure presents a mean absolute error of only 0.89 kcal mol−1.
he correlation consistent composite approach (ccCA) methods
31,32], exhibit MAE  values between 0.77 and 0.84 kcal mol−1,
hereas the W1  procedures [33] become the most accurate meth-

ds as they predict total atomization energies with MAE  values
etween 0.56 and 0.66 kcal mol−1. The present proposal compares
ell with the most accurate double hybrid density functionals and
ith the G3, G4 and CBS-QB3 methods.

The calculated TAE for the subset of 51 molecules formed from
he set of 212 molecules reported in Ref. [21] are shown in Table 2.

igure 2 represents the relationship between the reference val-
es of the total atomization energies and the values obtained
ith the present method. It can be seen from the table that the
resent method exhibits a MAE  of 2.00 kcal mol−1, whereas the
1.2 −5.2 −1.4 MAE 9.82 1.99 0.38
0.5 0.1 −0.1 MAX  30.8 14.0 3.5

MAE  for the CCSD method is 7.83 kcal mol−1. Interestingly, the MAE
of 2.00 kcal mol−1 is almost identical to the MAE of 1.99 kcal mol−1

obtained previously for the W4-11 set. MAX  errors are 25.7 and
6.7 kcal mol−1 for the CCSD and the present methods, respectively.

The present method is also compared with the relatively recent
spin-component scaled CCSD method of Sherrill et al. [22]. A subset
of 14 TAE values and a subset of 19 reaction energies were used in
the comparison. It is important to remark that experimental val-
ues and CCSD/cc-pVQZ results were taken as reference values for
TAE and reaction energies, respectively, in Ref. [22]. In the former
case, spin-orbit corrections were also taken into account. Thus,
due to the different reference values the comparison should only
serve to gain an insight into the relative performance of the dif-
ferent methods. Table 3 lists the errors of the SCS-CCSD method
and the present method for TAE and reaction energies. An impor-
tant decrease in the MAE  from 10.6 kcal mol−1 for the SCS-CCSD

method to 1.6 kcal mol−1 for the present method is found for the
total atomization energies. The corresponding MAX  errors are 16.2
and 3.5 kcal mol−1 for the SCS-CCSD method and the present pro-
posal, respectively. It is argued that the large difference in the
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Figure 1. Relationship between the reference values of the electronic total atom-
ization energies of the W4-11 dataset and the values calculated in the present work.

Table 2
Reference values (RV) for the total atomization electronic energies of the 51
molecules in the validation set. Individual errors for the CCSD (�CCSD) and the present
(�m

CCSD) methods are given. Mean absolute error (MAE) and maximum absolute error
(MAX) are also provided. Both reference values and errors are given in kcal mol−1.

Molecule RV �CCSD �m
CCSD Molecule RV �CCSD �m

CCSD

CCl 97.3 −6.7 −1.7 LiN 38.4 −2.7 0.8
PH  73.3 −0.9 −0.3 NF 77.0 −6.1 1.2
SiS  146.9 −8.7 −4.6 ZnO 38.4 −12.9 −4.5
Si2 75.9 −5.3 −2.8 HBr 93.7 0.2 1.2
Al2 33.3 −6.4 −4.3 BO 193.9 −8.0 −0.4
CBr  82.2 −5.0 0.2 NS 113.2 −11.7 −2.2
LiF  138.2 −3.6 1.3 PN 145.0 −13.1 −2.3
AlN  58.3 −5.7 0.4 LiCl 113.6 −2.8 −1.9
PF  108.6 −4.5 0.5 LiO 84.4 −3.2 1.1
BCl  122.8 −5.3 −2.2 H2S2 242.8 −8.1 −4.1
AsF  97.9 −3.7 2.1 PH2 154.1 −2.0 −0.9
PO  142.6 −9.8 −0.7 ClO2 127.1 −20.1 −4.1
Li2 24.1 −0.1 0.6 ClNO 190.2 −18.6 −0.9
AlP  51.8 −6.3 −3.6 CCl3 244.9 −13.8 −6.3
BrCl  56.5 −4.7 −1.4 C3H6 850.2 −13.1 −6.7
FS  84.8 −5.6 0.5 C2H5 601.6 −6.9 −3.4
LiH  57.7 −0.1 0.4 C2H 263.4 −8.8 −2.1
AsN  114.2 −10.6 2.1 NCO 315.3 −15.2 0.3
BrO  58.8 −6.2 1.7 FCN 303.8 −14.0 0.1
Br2 52.8 −3.6 −0.6 HNO3 386.6 −25.7 0.5
I2 47.6 −5.3 −2.9 H2CS 324.8 −9.3 −3.4
AsH  66.5 1.2 2.1 CF3 345.1 −11.9 1.3
As2 90.1 −6.8 0.2 NH2OH 358.6 −9.8 1.0
ZnP  6.5 −3.5 −3.4 FNC 232.6 −14.7 0.1
PS  103.8 −9.8 −4.6 H2SiO 305.2 −9.1 −1.6
BS  133.8 −7.8 −4.0 MAE  7.83 2.00
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Figure 2. Relationship between the reference values of the electronic total atomiza-
tion  energies of the validation set formed by 51 molecules and the values calculated
in  the present work.

Table 3
Errors for the SCS-CCSD method (�SCS−CCSD) and for our proposed estimation (�m

CCSD)
for  the total atomization energies of a set of 14 molecules and for the reaction ener-
gies of a set of 19 reactions. Mean absolute error (MAE) and maximum absolute error
(MAX) are also provided for each set. Errors are given in kcal mol−1. See text for a
discussion on the reference values.

Molecule �SCS−CCSD �m
CCSD Reaction �SCS−CCSD �m

CCSD

HF 5.9 1.3 F2 + H2→ 2HF 0.0 0.8
CO  5.8 1.2 F2O + H2→ F2 + H2O 1.2 0.4
N2 10.3 2.2 O3 + 3H2→ 3H2O 5.4 7.2
F2 6.4 1.5 H2O2 + H2→ 2H2O 0.3 1.2
CH2 9.5 0.1 CO + H2→ CH2O 1.1 0.0
H2O 10.8 1.3 CO2 + 3H2→ CH4 + H2O 2.4 3.0
NH3 14.4 0.9 N2 + 3H2→ 2NH3 1.7 1.3
CH4 15.0 0.8 CH2 + H2→ CH4 0.4 0.8
HNO  13.2 2.8 N2O + H2→ N2 + H2O 2.8 1.2
CO2 8.1 2.6 C2H2 + H2→ C2H4 0.4 0.7
CH2O 12.8 1.5 BH3 + 3HF → BF3 + 3H2 1.4 1.3
H2O2 16.0 3.5 CO + H2O → CO2 + H2 1.9 0.4
C2H2 8.8 1.4 C2H2 + HF → C2H3F 0.3 0.4
C2H4 16.2 1.6 HCN + H2O → CO + NH3 1.0 0.1

HCN + NH3 → N2 + CH4 0.4 0.4
MAE  10.6 1.6 O3 + CH4 → 2H2O + CO 3.0 8.8
MAX  16.2 3.5 2BH3 → B2H6 0.7 1.5

2CH2 → C2H4 0.0 1.0
3CH2 → 1CH2 4.6 0.0

outperforms the SCS-CCSD method for the test set considered.
MAX  25.7 6.7

bsolute errors is due to the fact that SCS-CCSD results are obtained
ith considerably smaller basis sets. On the other hand, the per-

ormance of the SCS-CCSD method and the present proposal are
ery similar for reaction energies, for which reference values were
btained with the CCSD(T) method and the CC method including up
o quintuple excitations, respectively. Differences in the reference
alues are due to exact triple, quadruple and quintuple excitations
n the one hand, and to basis set extensions, on the other hand.
t is also interesting to note that the effect of basis set variations
s more notorious in atomization energies than in reaction ener-
ies due to the differences in speed of convergence in atoms and in
olecules. Thus, MAE  errors 1.53 and 1.61 kcal mol−1 for the SCS-
CSD method and the present proposal, respectively, whereas the
orresponding MAX  errors are 5.4 and 8.8 kcal mol−1.
MAE  1.53 1.61
MAX  5.4 8.8

4. Conclusions

An economic method based on a CCSD calculation and two DFT
calculations is proposed to obtain reliable total atomization ener-
gies for molecules at their equilibrium geometries. The two DFT
calculations are combined to estimate post-CCSD contributions in
a very simple manner.

The method was trained with a dataset containing 139
molecules and then it was  validated using a dataset of 51 molecules.
The mean absolute errors for total atomization energies decrease
from 8–10 kcal mol−1 for the CCSD method to about 2 kcal mol−1

for the present method.
The method was  also compared with atomization energies and

reaction energies obtained with the SCS-CCSD method. The mean
absolute errors of both methods are very similar for reaction ener-
gies. In the case of atomization energies, the present method clearly
Those results, however, could be due to the fact that SCS-CCSD
results were obtained with relatively small basis sets.
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