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Abstract

The G3X-CEP and G3X(CCSD)-CEP composite methods were developed by combining a compact effective pseudopotential
(CEP) with the G3X and G3X(CCSD) all-electron methods. The G3/05 test set was used as reference data to analyze the
performance of these methods by calculating enthalpies of formation, ionization energies, electron affinities, proton affinities,
and molecular atomization energies. Tests were carried out considering different numbers of higher-level correction (HLC)
parameters as well as a scaling of the experimental atomization energies of the elements used to determine the enthalp-
ies of formation. The overall behavior of G3X-CEP and G3X(CCSD)-CEP calculations considering six HLC parameters
presented a mean absolute error around 1.15 kcal mol~! for all calculated properties. This tendency is intermediate to the
G3CEP and G4CEP methods. The use of scaled experimental atomization energies of the elements provided a mean absolute
error around 1.11 kcal mol~!, which is similar to the one obtained by the G4CEP theory (1.09 kcal mol~!). The G3X-CEP
and G3X(CCSD)-CEP enthalpies of formation were significantly improved with respect to experimental results. Molecular
atomization energies showed a modest improvement, while the ionization energies and electronic affinities were slightly
affected indirectly by the reoptimized HLC parameters. The proton affinities were nearly unaffected.
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1 Introduction

G3X and G3X(CCSD) [1, 2] are composite methods belong-
ing to the more general Gaussian-n theory [3-7], usually
referred to as Gn. Both methods are modifications of the G3
theory [5], and the most significant differences with respect
to the original G3 theory lie in the geometry optimization
and a modification of a specific large basis set (G3large)
by including g polarization for representative elements
heavier than aluminum. The mean absolute error of G3X
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and G3X(CCSD) with respect to experimental data from a
test set named G3/99 [8] is of the order of 0.95 kcal mol ™!,
which is slightly lower than the mean absolute error of
1.06 kcal mol™! for the G3 results [1, 2].

The main uses of the G3X theories have been in the study
of thermochemical properties involving compounds contain-
ing phosphorous [9], chlorine [10], fluorine [11], and bro-
mine [12] groups. As an example, Akhmetova et al. [13] car-
ried out calculations for the homolytic dissociation energy
of the N-F bond for 31 compounds and achieved an absolute
mean deviation of 1.4 kJ mol~! for G3X and 3.6 kJ mol~! for
the more elaborated G4 theory.

A recent attempt to reduce the CPU time of calculations
involving the Gn theory was initiated by Pereira et al. [14, 15],
which combined a compact effective potential (CEP) [16, 17]
with the G3 theory resulting in a method known as G3CEP. The
procedure was tested against a series of experimental reference
data, also referred to as G3/05 test set [2], providing a mean
absolute error of 1.29 kcal mol ™' compared to 1.13 kcal mol ™!
from the original G3 method, but with a significant reduction
in the CPU time. The G3CEP method was also used in the
study of internal rotation barriers of different compounds [18],
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demonstrating an excellent agreement between the calculated
results with experimental information.

After this first successful generalization by combining pseu-
dopotential with the G3 theory, other attempts were devel-
oped, such as: G3(MP2)//B3LYP-CEP [19, 20], G3(MP2)-
CEP [21], G4-CEP [22], and W1CEP [23]. Applications of
these methods demonstrated a significant economy in the CPU
time preserving an excellent accuracy when compared with
the original all-electron versions. The mean absolute errors
with respect to the same set of experimental data of all calcu-
lated properties by calculations including and not including
pseudopotential presented a systematic difference of the order
of 0.20 kcal mol™'. The original calculations were closer to
the experimental data than the pseudopotential results. As a
recent example, the mean absolute error of the G4 calcula-
tions considering the G3/05 test set is 0.83 kcal mol ™!, while
the pseudopotential version, G4CEP, produced a deviation of
1.09 kcal mol™" [22], a difference between the mean abso-
lute errors of 0.26 kcal mol~'. The sophistication of the G4
theory with respect to G4CEP suggests that the pseudopo-
tential version may not achieve a level of accuracy as high
as the all-electron calculations. The difficulty in reaching the
all-electron accuracy possibly indicates that there must be a
limit of accuracy for the pseudopotential versions due to the
lack of correlation effects between core and valence electrons.

One feasible way to compensate for the absence of elec-
tronic correlation effects in the pseudopotential calculations
is through empirical corrections. The higher-level correction
(HLC) from the Gn theory, which depends on the number of
valence electrons, improves the accuracy of the thermochemi-
cal properties by reducing the error between the calculated and
experimental data. The optimum HLC parameters are different
for each Gn theory.

Another important aspect is that enthalpies of formation
are calculated considering experimental values of atomization
energies of the elements of the periodic table. These atomiza-
tion energies are derived from rigorous experimental measure-
ments, but also present small uncertainties and may be suitably
adjusted.

In this work, two different objectives will be explored.
The first corresponds to the implementation of CEP pseudo-
potential in the G3X and G3X(CCSD) theories. The second
objective will be to evaluate different empirical adjustments
in the pseudopotential versions of the G3X theory. HLC and
the scaling of experimental atomization energies are the main
empirical adjustments tested in this work.

2 Theoretical methods
The combination of G3X and G3X(CCSD) along with

the CEP pseudopotential yielded two methods labeled
as: G3X-CEP and G3X(CCSD)-CEP. As mentioned
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previously, the main differences between G3X and G3 are
the level of optimization of geometries, and an additional
correction in the large basis set, AEyg. The G3X refer-
ence energy is calculated at the QCISD(T)/6-31G(d) level,
while the G3X(CCSD) considers the CCSD(T)/6-31G(d)
level of theory. The general expression for G3X contains
corrections for diffuse (AE,) and polarization (AE,y )
functions, electron correlation effects (AEqcisp(r))- effects
from the size of the basis functions (AEg; jy. ). and
improvement in the G3large basis set (AEyg), spin—orbit
correction (Egg) from the literature, zero point energy
and thermal effects (E,pp), and an empirical higher-level
correction (Eyy ). The combination of all these effects is
summarized in the expression:

Egsx =E[MP4/6-31G(d)] + AE, + AEy, + AEqcisper)

+ AEGsare + AEyE + Ego + Ezpg + Epc
(D

where the mathematical definition of each correction is:
AE, = E[MP4/6-31 + G(d)] — E[MP4/6-31G(d)];
AEzdf,p = E[MP4/6-31G(2df,p)] — E[MP4/6—-31G(d)];

AEqcispery = E[QCISD(T)/6-31G(d)] — E[MP4/6-31G(d)];

AEgaagexp =EIMP2(full)/G3largeXP] — E[MP2/6-31G(2df,p)]
— E[MP2/6 — 31 + G(d)] + E[IMP2/6 — 31G(d)] and
AEyr = E[HF/G3Xlarge] — E[HF/G3large].

The determinations of all these energies are performed
with the molecular equilibrium geometries obtained from
B3LYP/6-31G(2df,p). The zero point energy (ZPE) is also
obtained from the harmonic approximation at the B3LYP/6-
31G(2df,p) level, and the frequencies are scaled by a factor
of 0.9854. When necessary, thermal energies are determined
from well-established expressions from the statistical ther-
modynamics at the temperature of 298.15 K.

Most of the adaptation of the CEP pseudopotential to
the G3X and G3(CCSD) theories followed the procedure
described for G3CEP [14, 15], G3(MP2)-CEP [21], and
G3(MP2)//B3-CEP [19]. Only valence Gaussian functions
from 6-31G(d), 6-31 + G(d), and 6-31G(2df,p) are pre-
served and the adapted basis sets are referred to as: P31G(d),
P31G + G(d), and P31G(2df,p), where P is an indication
that the original Pople’s valence basis functions are being
used. For the representative elements of the third period, the
basis functions were adapted from Rassolov et al. [24, 25]
and were truncated following the same procedure already
described in references [14, 15].

Pereira et al. [14, 15] considered that for the G3CEP the-
ory the G3large basis set for the C, N, O, F, P, Cl, As, Se, and
Br atoms required some adjustment of the s and p exponents



Theoretical Chemistry Accounts (2018) 137:24

Page3of9 24

to achieve more accurate results, mainly for the enthalpy of
formation. This procedure was also applied in the G3(MP2)-
CEP [21] and G3(MP2)//B3-CEP [19] adaptations.

The s and p adapted exponents for G3X-CEP and
G3X(CCSD)-CEP were scaled by the following param-
eters for: C = 0.9889, N = 0.9639, O = 0.9349, F = 0.9222,
P = 0.8146, Cl1 = 1.0154, S = 1,100,158, As = 0.8282,
Se = 0.8133, and Br = 0.8330. The same set of arbitrary
molecules selected for the optimization of the basis set for
the G3CEP theory were used in the present optimization
[14]. All truncated large basis sets are available as supple-
mental material in Tables S.1 and S.2.

Finally, after adjusting all basis sets, the HLC parameters
were optimized to minimize the mean absolute error taking
into account all properties from the G3/05 test set. The G3,
G3X, and G3X(CCSD) theories use four empirical param-
eters (A, B, C, and D) optimized to improve the accuracy of
the properties with respect to the a and f valence electrons.
A and B parameters are associated with molecules and C and
D to atoms by the expressions: Eyy c = —Anj — B(na - nﬁ)
and Ey c = —Cnjy — D(na - nﬂ), respectively. The G4 the-
ory includes two additional parameters. An additional A’
parameter is used for closed-shell molecules: Ey; « = —A'n,
and an E parameter for molecules and atoms containing
valence orbital consisting of two s electrons, not considering
Is electrons. Some tests regarding the use of four or more
HLC parameters will be discussed with respect to G3X-CEP
and G3X(CCSD)-CEP.

A final adjustment is the scaling of the experimental
atomization energies for the calculation of the enthalpies
of formation. The experimental atomization energy of each
element of the periodic table is multiplied by an adjustable
parameter that minimizes the mean absolute error between
the theoretical enthalpies of formation and the experimental
one. Each parameter is set initially equal to 1.0 and they are
optimized using the modified Simplex of Nelder and Mead
[24]. This final optimization is also complemented by the
reoptimization of the HLC parameters.

3 The HLC parameters

Following the original tests applied to the Gn methods, the
G3X-CEP and G3X(CCSD)-CEP approximations were ini-
tially applied in the calculation of standard enthalpies of
formation according to the procedure described in Curtiss
et al. [25]. Proton affinities were obtained from the internal
energy at 0 K as described for the G3 theory [5]. Adiabatic
ionization energies and electron affinities were calculated as
the difference of internal energies at 0 K between products
and reactants in their respective equilibrium geometries [5].
Sets of 6d and 7f Gaussian functions were used as polariza-
tion functions at the B3ALYP, MP4, CCSD(T), and QCISD(T)
levels of calculation, whereas at the MP2 level sets of 5d and
7f primitives were used in this article for all calculations.

Two tests were carried out in this work regarding the
HLC correction for G3X-CEP and G3X(CCSD)-CEP: four
(A, B, C, and D) and six (A, A', B, C, D, and E) parameters
were optimized considering all properties available from the
G3/05 test set. A summary of the optimized parameters is
shown in Table 1. Columns identified as EnAtl and EnAt2
will be discussed later. The difference between the param-
eters to be used along with all-electron and pseudopotential
systems is evident. The pseudopotential methods present
relatively similar parameters. The parameters for G3X-CEP
and G3X(CCSD)-CEP are larger than the respective all-elec-
tron ones. The reason for this general tendency, as suggested
in previous works [19, 21, 22], is the greater necessity of
correction for the pseudopotential calculations. The most
sensitive parameters are those associated with the valence
closed-shell electrons (A’ and C). The substantial number
of closed-shell systems and electrons can be pointed out as
responsible for this tendency. This argument is reinforced
when six HLC parameters are used. Table 1 shows that A’
(for closed-shell molecules) is larger than A (for open shell
molecules) considering either G3X-CEP or G3X(CCSD)-
CEP results.

Table 1 Original and optimized HLC parameters for the original G3X, G3X(CCSD), G3X-CEP, G3(CCSD)-CEP, EnAtl, and EnAt2. Data in

mHartree
Parameters 4 HLC parameters 6 HLC parameters
G3X* G3X (CCSD)* G3X CEP G3X (CCSD) CEP G3X CEP G3X (CCSD) CEP EnAtl EnAt2

A 6.783 6.635 8.08369 8.07464 8.08693 8.08606 6.76936 6.80215
B 3.083 3.085 3.60356 3.61270 2.68906 2.68548 2.70313 2.56229
C 6.877 6.645 8.38347 8.28178 8.38669 8.29224 6.91300 6.94169
D 1.152 1.076 1.75783 1.75877 1.75948 1.76604 1.09503 1.14548
E —0.00034 —0.00516 0.00337 0.00338
A’ 8.28948 8.28919 6.80984 6.87973

*Data from Refs. [1, 2]
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The overall performance of the G3X and G3X(CCSD)
theories for all calculated properties presents a mean abso-
lute error of 1.01 kcal mol™!, while for G3X-CEP and
G3X(CCSD)-CEP with four HLC parameters the errors
are 1.20 and 1.17 kcal mol ™, respectively. The comparison
among the all-electron and pseudopotential errors repro-
duces the tendency observed for other adaptations of CEP
in the composite methods [14, 19, 21]. The use of six HLC
parameters slightly improves the overall performance of
G3X-CEP and G3X(CCSD)-CEP, which achieved mean
absolute errors of 1.18 and 1.15 kcal mol™, respectively.
The ionization and molecular atomization energies are the
most sensitive properties to the enlargement of the num-
ber of HLC parameters. While the difference between the
general performance of CEP calculations with four and six
HLC parameters is 0.02 kcal mol~!, both properties pre-
sent a difference between the mean absolute error larger
than 0.05 kcal mol~!. The other properties, such as electron
affinity, proton affinity, and enthalpy of formation, remain
almost unchanged with the enlargement of the number of
HLC parameters.

Table 2 Distribution considering different ranges of absolute error (in
keal mol™") of enthalpy of formation (AHJ?), ionization energy (IE),
electron affinity (EA;), molecular atomization energy (D), and pro-

4 The performance for each property

All experimental and calculated properties considering six
HLC parameters are shown as supplemental material. Table
S.3 to S.7, using G3X, G3X-CEP, and G3X(CCSD)-CEP,
contain the enthalpies of formation, ionization energies,
electron and proton affinities, and molecular atomization
energies, respectively. The performance of each property
considering the three methods is summarized in Table 2 as
well as some statistical properties.

A total of 57% of the enthalpies of formation calculated
with G3X-CEP showed a deviation between + 1 kcal mol~".
Almost the same percentage (59%) was observed for
G3X(CCSD)-CEP calculations. A greater percentage of
67% was obtained for the results calculated with G3X. All-
electron calculations using G3X also concentrated only 13%
of the deviations above + 2 kcal mol~!, while 17% of the
results were observed for G3X-CEP and G3X(CCSD)-CEP.

The lowest deviations from the experimental data were
observed for hydrocarbons (38 compounds) with mean

ton affinity (PA,) calculated at the G3X-CEP, G3X(CCSD)-CEP, and
G3X levels of theory. Mean absolute error (MAE) and standard devi-
ation (Std) are also shown in kcal mol™

Energy range AH]? IE, EA,

G3X-CEP  G3X(CCSD)- G3X  G3X-CEP  G3X(CCSD)- G3X  G3X-CEP  G3X(CCSD)- G3X

CEP CEP CEP
AE< -2 18 16 10 12 12 12
—-2<AE<-1 30 31 17 9 9 13 9 9 5
—-1>AE<I1 141 146 167 52 52 64 39 39 37
1<AEL2 35 30 31 16 16 10 7 8 11
AE>?2 24 25 23 12 12 2 2 1 4
Total 248 248 248 101 101 101 61 61 61
%(-1>AE<1) 57% 59% 67% 52% 52% 63% 64% 64% 61%
% (—2<AE>2) 17% 17% 13% 24% 24% 14% 10% 8% 13%
MAE 1.16 1.12 1.01 1.32 1.32 1.04 0.92 0.92 0.99
Std 1.62 1.59 1.45 1.74 1.74 1.58 1.24 1.24 1.40
Energy range Dy, PA,
G3X-CEP G3X(CCSD)-CEP G3X G3X-CEP G3X(CCSD)-CEP G3X

AE< -2 4 0 0 0
—2<AE<-1 3 3 6 0 0 0
—1>AEZ<1 10 10 10 3 3 3
I1<AEL2 5 5 1 4 4 4
AE>?2 1 1 1 1
Total 22 22 22 8 8 8
% (-1>AE<1) 46% 46% 46 38% 38% 38%
% (—2<AE>?2) 18% 18% 22% 13% 13% 13%
MAE 1.32 1.25 1.17 1.48 1.48 1.21
Std 1.75 1.67 1.50 1.44 1.44 0.83
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absolute errors of 0.60 and 0.55 kcal mol™! for G3X-CEP
and G3X(CCSD)-CEP, while the mean absolute error for
both G3X and G3X(CCSD) was 0.56 kcal mol~!. The non-
hydrogenated compounds were responsible for the largest
deviations for all-electron and CEP data. The 79 non-hydro-
genated compounds presented a mean absolute error of 1.76
and 1.78 kcal mol™! for G3X-CEP and G3X(CCSD)-CEP,
respectively, whereas for the all-electron original versions
the mean absolute error was 1.63 kcal mol ™.

G3X-CEP and G3X(CCSD)-CEP are intermediate
to G3CEP and G4CEP in terms of the deviations of the
enthalpies of formation with respect to experimental data.
While the G3X-CEP and G3X(CCSD)-CEP had mean
absolute errors of 1.16 and 1.12 kcal mol~", respectively,
the equivalent original methods yielded deviations of 1.29
and 1.00 kcal mol~!. The advantage of the G3X-CEP and
G3X(CCSD)-CEP calculations over G4CEP is the much
lower CPU time. The Hartree—Fock extrapolation technique
used with G4CEP accounts for up to 70% of computational
time [6, 22], which is not required in the G3 family.

Table 2 also shows the error distribution for the ioni-
zation energies and electron affinities. The mean absolute
error for 101 ionization energies was 1.32 kcal mol™! for
both G3X-CEP and G3X(CSSD)-CEP calculations and
1.04 kcal mol~! for G3X. The deviations from the experi-
mental data showed that 52% of the results presented an
accuracy between + 1 kcal mol~! for the calculations using
pseudopotential. The G3X theory once again showed a better
accuracy for ionization energies (63%). Similar trends were
observed in other adaptations involving composite meth-
ods and pseudopotential [14, 19, 21] as well as ionization
energies yielding the largest deviations when compared with
the experimental data. It is worth mentioning that the mean
absolute errors of the ionization energies obtained by G3X-
CEP and G3X(CCSD)-CEP (1.32 kcal mol™") were identical
to that presented by the G4CEP theory (1.31 kcal mol~") for
the G3/05 test set.

The electronic affinities are considerably well-behaved
compared to the ionization energies. Most of the deviations
are concentrated below + 2 kcal mol™!. The mean absolute
error of this property was 0.92 kcal mol~! for G3X-CEP
and G3X(CSSD)-CEP calculations. The all-electron version,
G3X, is also well-behaved with a slightly larger deviation
of 0.99 kcal mol~". Only 10% and 8% for the G3X-CEP and
G3X(CCSD)-CEP calculations, respectively, show devia-
tions above + 2 kcal mol™!, whereas in G3X theory, 13% of
the results are above this limit. Comparing G3X-CEP and
G3X(CCSD)-CEP electron affinity calculations with G4CEP
indicates that the former presented slightly smaller devia-
tions (0.92 kcal mol~!) than the latter (1.02 kcal mol™").
This tendency toward better results from electron affinities
and ionization energies suggests a better cancelation of error
from simpler methods.

The reduced number of proton affinities and molecular
atomization energies containing elements of the third period
of the periodic table affords a statistical analysis of little rel-
evance. However, Table 2 shows that the 8 proton affinities
present mean absolute errors of 1.27 and 1.25 kcal mol ™!
for G3X-CEP and G3X(CSSD)-CEP, respectively, which are
relatively close to the mean absolute error of 1.21 kcal mol ™
from the all-electron calculations.

Halogenated compounds tend to produce significant
deviations for Gn calculations. Almost all molecular
atomization energies have been calculated for halogenates,
hydrides, or oxides. In this case, the mean absolute error for
22 energies was 1.31 and 1.25 kcal mol~! for G3X-CEP and
G3X(CSSD)-CEP, respectively. Calculations with G3X pro-
vided significantly lower deviations of 1.17 kcal mol~'. The
largest error for both G3X-CEP and G3X(CSSD)-CEP was
due to KrF, with a deviation of 4.68 and 4.00 kcal mol~!,
respectively (see Table S.7). G3X performance is excellent
for this example with an error of 1.3 kcal mol~! with respect
to the experimental results. The performance of G3X-CEP
and G3X(CCSD)-CEP is comparable to G4CEP theory (with
mean absolute error of 1.33 kcal mol™") for the calculation
of molecular atomization energies.

The mean absolute errors from G3X-CEP and
G3X(CCSD)-CEP for all properties are usually larger when
compared to the original G3X theory. Even considering
the optimization of HLC parameters, the effects of core-
valence electron correlation cannot be completely offset by
this empirical adjustment. The worst performances were
for ionization energies, molecular atomization energies,
and proton affinities. Ionization energies also presented the
worst performance in other combinations between composite
methods and pseudopotential, such as: G4CEP [22], G3CEP
[14, 15], G3(MP2)-CEP [21], and G3(MP2)//B3-CEP [19].

Table 2 shows that the deviations obtained from calcula-
tions with both adaptations, G3X-CEP and G3X(CCSD)-
CEP, are essentially the same. The definition of the reference
energy for both methods from QCISD(T)/CEP-P31G(d) or
CCSD(T)/CEP-P31G(d) calculations does not produce sta-
tistically significant advantages.

5 An additional empirical adjustment

One of the steps for the calculation of enthalpies of for-
mation comes from experimental atomization energies of
the elements at 0 K and then thermal effects are added.
These data are obtained from rigorous experimental refer-
ence measurements [25, 26] and are accepted without any
adjustment since the uncertainties are small and considered
acceptable to yield accurate theoretical results. This alterna-
tive solves the problem of the determination of atomization
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energies of elements that under standard conditions are in
the liquid or solid states.

The possibility of scaling the experimental atomization
energies of the elements was considered in this work. The
energy of each atom was multiplied by an adjustable param-
eter with an initial value of 1. The optimization minimized
the mean absolute error considering the experimental enthal-
pies of formation from the G3/05 set along with the HLC
parameters. The experimental atomization energies from
the literature and the scaled ones are shown in Table 3. For
these calculations the scaling for each atom and the HLC
parameters were optimized simultaneously. Only six HLC
parameters were optimized for these tests and are shown in
Table 1 as EnAtl and EnAt2. In order to avoid possible mis-
understanding, EnAtl and EnAt2 will be used in the sense
that the experimental atomization energies were scaled as
well as the six HLC parameters were optimized and they
are associated with the G3X-CEP and G3X(CCSD)-CEP
versions, respectively. Another important differentiation
must be made between the atomization energy of the ele-
ments and the molecular atomization energies. The first one
represents an experimental property used to calculate the
enthalpy of formation. The second one is also used to cal-
culate the enthalpy of formation, but it is an information to
analyze the performance of the Gn composite methods for
compounds containing elements from the third period of the
periodic table.

Table 3 Experimental and scaled values of atomization energies of
the elements at 0 K

Atoms Experimental® EnAt1® EnAt2°
H 51.63 + 0.001 51.57 51.61
Li 37.69 +£0.2 37.56 38.30
Be 7648 + 1.2 77.32 77.16
B 136.2 +0.2 134.43 135.08
C 169.98 + 0.1 170.18 170.01
N 112.53 +0.02 112.61 112.37
(6] 58.99 +0.02 59.35 59.17
F 18.47 + 0.07 18.73 18.60
Na 25.69 +£0.17 26.73 26.92
Mg 34.87+0.2 37.60 37.39
Al 7823 + 1.0 83.12 82.76
Si 106.60 + 1.9 107.57 107.28
P 7542 +0.2 75.93 75.81
S 65.66 + 0.06 66.52 66.12
Cl 28.59 +0.001 28.41 28.47
Br 28.18 +0.02 28.08 28.02

Data in kcal mol™!

“Experimental enthalpy values taken from references [25, 26]
"Data optimized with respect to the G3X-CEP theory

“Data optimized with respect to the G3X(CCSD)-CEP theory

@ Springer

Table 1 shows that the optimized HLC parameters simul-
taneously with the atomization energies of the elements
achieve a great similarity with the all-electron ones. The
differences between HLC parameters for G3X-CEP and
G3X(CCSD)-CEP calculations are small and do not cause
significant changes in the statistical evaluation of properties.

Table 3 shows that the most significant differences in the
modified atomization energies, EnAtl and EnAt2, occur
for Na, Mg, and Al. For EnAtl the deviations are of the
order of 4.0% for Na, 7.8% for Mg, and 6.3% for Al. Devia-
tions for EnAt2 are of the same order: 4.8, 7.2, and 5.8% for
Na, Mg, and Al, respectively. The deviations for other ele-
ments are significantly much smaller. Deviations above 1%
using EnAtl occur for Be (1.1%), B (1.3%), F (1.4%), and S
(1.3%). In the case of EnAt2, only Li presents a deviation of
1.6%. All other elements require corrections lower than 1%.

The calculated properties with the scaled atomization
energies are available as supplemental material (Tables
S.3-S.7). The mean absolute errors for the G3/05 test
set considering the EnAtl (1.10 kcal mol™") and EnAt2
(1.12 kcal mol™") calculations are better than the G3X-CEP
(1.18 kcal mol~") and G3X(CCSD)-CEP (1.15 kcal mol™")
results. The modification of the experimental atomization
energies directly affects the quality of the enthalpies of for-
mation. The other properties are much less affected with
deviations provided by the simultaneous optimization of the
HLC parameters and the scaling of the atomization energies
of the elements.

A better perspective of the effects of atomization energy
adjustments and HLC parameters may be obtained by ana-
lyzing the errors for the different properties presented in
Table 4. The enthalpies of formation present total mean
absolute errors of 1.01 and 0.97 kcal mol~! using EnAt1
and EnAt2, respectively. As shown previously, the mean
absolute errors for G3X-CEP and G3X(CCSD)-CEP were
larger, with values of 1.16 kcal mol~! and 1.12 kcal mol~!,
respectively. The new error is identical to that obtained with
the G4CEP calculations (1.00 kcal mol~"). The improvement
provided by EnAtl and EnAt2 displaced several molecules
to the uncertainty range of + 1 kcal mol~!, accumulating a
total of 62 and 66%, respectively, of molecules in this inter-
val and decreasing in the region above + 2 kcal mol~! to
approximately 15%.

The mean absolute error improvement is mainly due to
the better performance of 79 non-hydrogenated compounds.
For these compounds the calculations with EnAtl and
EnAt2 presented errors of 1.50 and 1.48 kcal mol ™!, respec-
tively, whereas for G3X-CEP and G3(CCSD)-CEP the same
compounds presented errors of 1.76 and 1.78 kcal mol ™!,
respectively. As examples, the molecule AlF; represents
one of the most drastic changes with a deviation from the
experimental value of 4.9 kcal mol™! and 5.1 kcal mol~! for
G3X-CEP and G3(CCSD)-CEP, respectively, while applying
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Table 4 Distribution considering different ranges of absolute error (in
keal mol™") of enthalpy of formation (AH}]), ionization energy (IE),
electron affinity (EA,), molecular atomization energy (D) and pro-

ton affinity (PA) calculated at the EnAtl and EnAt2 levels of theory.
Mean absolute error (MAE) and standard deviation (Std) are also
shown in kcal mol™!

Energy range AH;} IE, EA,

EnAtl EnAt2 EnAtl EnAt2 EnAtl EnAt2
AE< -2 16 15 11 11 6 6
-2<AE<-1 33 31 11 11 13 12
-1>AELI1 165 163 46 46 36 37
1<AEL2 23 20 16 16 5 5
AE>?2 21 19 17 17
Total 248 101 61
% (—1>AE<]1) 62% 66% 46% 46% 59% 61%
% (—2 < AE & AE>2) 15% 15% 28% 28% 12% 12%
MAE 1.01 0.97 1.38 1.37 1.04 1.04
Std 1.46 1.41 1.76 1.76 1.23 1.23
Energy range Dy, PA,

EnAtl EnAt2 EnAtl EnAt2

AE< -2 2 2 0 0
—-2<AE<-1 4 4 0 0
—-1>AE<L1 9 9 3 3
I1<AE<L2 6 6 4 4
AE>?2 1 1 1 1
Total 22 8
% (-1>AE<]I) 41% 41% 38% 38%
% (—2<AE& AE>?2) 14% 14% 13% 13%
MAE 1.27 1.26 1.48 1.48
Std 1.67 1.65 1.44 1.44

the EnAtl and EnAt2 energies these errors were reduced to
0.2 and 0.5 kcal mol ™!, respectively. NaF represented moder-
ate changes with a deviation from the experimental value of
1.7 kecal mol™! for G3X-CEP and G3(CCSD)-CEP, respec-
tively, while applying EnAtl and EnAt2 these errors were
reduced to 0.7 and 0.5 kcal mol™!, respectively. Compounds
containing fluorine, chlorine, bromine, and aluminum gener-
ally show a good improvement with respect to the experi-
mental data.

As expected, ionization energies, molecular atomization
energies, and electron and proton affinities are less sensi-
tive to the scaling of the experimental atomization energies
of the elements. The mean absolute error for 101 ioniza-
tion energies was 1.32 kcal mol~! for both G3X-CEP and
G3X(CSSD)-CEP and 1.38 and 1.37 kcal mol™! for EnAtl
and EnAt2, respectively, which is essentially due to the new
HLC parameters.

The mean absolute error for 61 electron affinities was
0.92 keal mol™! for G3X and G3X(CSSD)-CEP, while the
error of 1.04 kcal mol™! was achieved for EnAtl and EnAt2.
Similar to the ionization energies, this is only due to the
HLC readjustment.

The molecular atomization energies presented a devia-
tion of 1.32 kcal mol™! for G3X-CEP and G3X(CSSD)-CEP,
while for calculations using EnAtl and EnAt2 the errors
were reduced to 1.27 and 1.26 kcal mol ™!, respectively.

The eight proton affinities were not changed by the adjust-
ment of EnAtl and EnAt2 and HLC parameters.

6 Conclusion

The G3X and G3X(CCSD) composite theories were modi-
fied to consider the CEP pseudopotential. The modified
versions were referred to as G3X-CEP and G3X(CCSD)-
CEP. The G3/05 test set was used as reference to analyze
the performance of these methods by calculating enthalpies
of formation, ionization energies, electron affinities, proton
affinities, and molecular atomization energies.

The optimization of four and six HLC parameters pro-
vided minor differences between both sets of calculations, but
favored the six parameters, as expected. The set of six param-
eters improved the mean absolute error by approximately
0.02 kcal mol ™! compared with the mean error obtained by
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applying four parameters. The overall statistical behavior
of G3X-CEP and G3X(CCSD)-CEP data considering six
HLC parameters presented a mean absolute error around
1.15 keal mol~" for all calculated properties. These deviations
are intermediate to G3CEP (1.29 kcal mol™") and G4CEP
(1.09 kcal mol™!) and also comparable with the tendency
observed for the all-electron versions.

The scaling of the experimental atomization energies,
referred to by EnAtl and EnAt2, along with the optimization
of the HLC parameters, produced mean absolute errors of 1.10
and 1.12 kcal mol ™", respectively. These values are similar to
the deviation of 1.09 kcal mol~' obtained from the G4CEP the-
ory. The enthalpies of formation were significantly improved,
again presenting a similarity with results from the G4CEP the-
ory. For 248 compounds from the G3/05 test set the absolute
mean error of the calculations with EnAt1 (1.02 kcal mol™")
and EnAt2 (0.98 kcal mol™") are significantly better than the
G3X-CEP results (1.16 kcal mol™") and G3X(CCSD)-CEP
(1.12 kcal mol™!) with the original experimental atomization
energies.

The molecular atomization energies also showed improve-
ment in the deviations with respect to the experimental data,
while ionization energies and electronic affinities were slightly
affected indirectly by the new HLC parameters. The proton
affinities were virtually unaffected by this correction.

The best composite method is the one where empirical
adjustments may be neglected. In such a case, either an opti-
mum cancelation of errors or a rigorous theoretical descrip-
tion of the electronic structure is achieved. The modification
of the experimental atomization energies suggested in this
work is not a desirable technique from the purely theoretical
point of view. However, it is an additional source of infor-
mation that either theoreticians or experimental research-
ers should consider in the search of accurate description of
thermochemical properties.
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