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Métodos compostos adaptados ao método ONIOM foram utilizados no cálculo teórico de 
afinidades por próton (PA) e eletrônica (EA) para um grupo de 50 moléculas (álcoois, cetonas, 
radicais e alcenos). A energia eletrônica foi descrita considerando-se o escalonamento de ZPE (λ) 
e a correção de alto nível (HLC). O valor ótimo para λ foi obtido através dos dados de PA. Os 
cálculos de EA foram utilizados na otimização dos termos presentes em HLC. Foram explorados 
diferentes tipos de funcionais de troca-correlação. A metodologia ONIOM2(QCISD(T)/6-
311++G(2dF,p):HF/6-31G(d))//ONIOM2(B3LYP/6-31G(d):HF/6-31G(d)) forneceu os menores 
desvios absolutos médios para PA e EA, 5,38 kJ mol-1 e 0,11 eV, respectivamente, em comparação 
com dados experimentais.

Composite methods adapted to the ONIOM approach were used in the description of proton 
(PA) and electron (EA) affinities for a group of 50 molecules (alcohols, ketones, radicals and 
alkenes). The electronic energy was described considering the scaling ZPE (λ) and higher level 
(HLC) corrections. The optimal value for λ was obtained from the PA data. The EA calculations 
were used for optimization of the terms in HLC. Different performances of exchange-correlation 
functionals were considered. The methodology ONIOM2(QCISD(T)/6-311++G(2dF,p):HF/6-
31G(d))//ONIOM2(B3LYP/6-31G(d):HF/6-31G(d)) provided the smallest median absolute 
deviation (MAD) for PA and EA, 5.38 kJ mol-1 and 0.11 eV, respectively, in comparison to the 
experimental data.
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Introduction

Molecular modeling calculations using high level 
(ab initio and DFT methods) and large basis sets have 
provided determinations of the precise electronic properties 
of atomic and molecular systems.1-9 However, practical 
calculations containing many particles become a task that 
requires a very high computational cost.10 Some strategies 
have been successful, making it possible to study large 
systems, highlighting the composite methods11-19 and the 
ONIOM (our own n-layered integrated molecular orbital 
and molecular mechanics) method.20

Developed in the 1980s, the composite methods aim 
to extrapolate the electronic energies from a sequence of 
calculations, computationally inexpensive, to an electronic 
energy with a high level of correlation and large basis set.2 
In addition to the energy terms from the energy calculations, 

some empirical parameters can be added to correct 
deficiencies of the method, like additional correlation 
effects, relativistic effect, etc.

The Gaussian-n theory, developed by Pople and 
co-workers,13-17 exploits this idea to predict thermochemical 
data of molecules containing elements of the first three 
periods of the periodic table. The purpose of this theory 
is to obtain a general procedure that can reproduce 
experimental data for properties such as proton and electron 
affinities, ionization energy, enthalpy of formation, etc., 
being applicable to any molecular system unambiguously. 
Recently, new approaches of these theories have included 
pseudopotentials, rather than all-electron basis set.21

There are other theories to predict accurate 
thermochemical data of chemical compounds. The 
correlation consistent composite approach (ccCA),22-24 the 
complete basis set methods (CBS)25-28 and the Weizmann 
theories (Wn),29-32 are examples of alternatives to the 
gaussian-n theories.
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Proton (PA) and electron (EA) affinities are two of the 
properties extensively studied with composite methods, and 
generally excellent results are obtained.33-39 The interest in 
studying the transfer of electrons or protons is mainly due 
to the fact that these processes are present in several areas 
such as biochemistry,40-43 nanotechnology,44,45 and others.

The proton affinity (PA) from a neutral molecule is the 
measure of its basicity in the gaseous phase, and can be 
calculated from the energy released in the reaction:

X(g) + H+
(g) → XH+

(g) PA = -ΔrH
0  (1)

The electron affinity (EA), in turn, is the minimum 
amount of energy required to release an electron from an 
anion, thus forming a neutral atom or molecule:

X-
(g) → X(g) + e- EA = -ΔrH

0 (2)

Other methodologies aiming at reducing the 
computational costs are known as hybrid methods. 
They are described as a mixed quantum mechanics/
molecular mechanics method. These methods have been 
developed since the 1970s,46-48 and are so called because 
of the possibility for combining different approximations, 
highlighting the ONIOM method, that can be illustrated 
as a superposition of layers as in an “onion”. Thus, any 
molecular system can be divided into different levels, 
linked in an order convenient to the problem at hand. Each 
level can be treated by any method while, by integrating 
the results, we can get an extrapolation to more accurate 
energy values of the molecular system. The ONIOM 
method application in thermochemical studies have been 
done considering various chemical species.49-51

The link between the ONIOM and the composite 
methods allows the calculation of systems with many 

atoms at high level theory. Both methodologies use the 
extrapolation of their energies to more accurate results. 
The calculations are less costly and can extend to 
advanced theories. Some studies have been performed 
using combinations of hybrid methods with composite 
theories.52-55

Computational Details

The ONIOM method was adapted to composite methods 
based on gaussian-n theories. The aim was to carry out 
calculations of proton and electron affinities for a group 
of molecules. The 50 molecules used in the validation 
process are shown in Table 1. The choice of this group of 
molecules is due to the presence of similar molecules in 
the cholesterol oxidation mechanism. Further studies on 
this mechanism are in progress.

Some proposed variables to this composite method 
were tested in a previous study.10 In comparison with 
different basis set, the best results were obtained with 
the double and triple zeta-valence basis set, 6-31G(d) 
and 6-311++G(2df,p), respectively. Among 25 exchange-
correlation functionals and the HF and MP2 methods, 
we observed optimal results to eight functionals, 
B1LYP, B3LYP, HCTH, HCTH147, mPW1LYP, O3LYP, 
VSXZ, X3LYP. The ONIOM method was tested in two 
configurations, and the results were compared without the 
use of the layers. The Figure 1 shows the diagram of the best 
configuration of the high and low levels of theory applied 
to the ONIOM method considering an aliphatic alcohol.

The hydroxyl (OH), the carbon directly connected to it 
(C1) and the carbons attached to it (C2), and the hydrogens 
that complete the valences of these atoms (HO-C1-C2-R), 
were treated at the highest level of theory and the rest of the 
molecule at the lower level (R). For the cyclic molecules 

Table 1. Molecules employed in the present study

Aliphatic alcohols 2-hexanol 1-heptanol cyclopentanone

ethanol 3-hexanol 2-heptanol cyclohexanone

1,1-dimethyl-ethanol 2-ethyl-1-butanol 1-octanol Radicals

2-butanol 2-methyl-1-pentanol 1-nonanol ethyl

2-methyl-1-propanol 3-methyl-1-pentanol 1-decanol isopropyl

1-pentanol 4-methyl-1-pentanol Cyclic alcohols n-propyl

2-pentanol 2-methyl-2-pentanol cyclopentanol tert-butyl

3-pentanol 3-methyl-2-pentanol 1-methyl-cyclopentanol 2-butyl

2-methyl-1-butanol 4-methyl-2-pentanol t-2-methyl-cyclopentanol isobutyl

3-methyl-1-butanol 2-methyl-3-pentanol Aliphatic ketones Alkenes

2-methyl-2-butanol 3-methyl-3-pentanol propanone propylene

3-methyl-2-butanol 2,3-dimethyl-1-butanol 3-pentanone 1-butene

2,2-dimethyl-2-propanol 2,3-dimethyl-2-butanol 3-methyl-2-butanone 2-butene

1-hexanol 3,3-dimethyl-2-butanol Cyclic ketones 2-methyl-1-butene



Heerdt and Morgon 1743Vol. 23, No. 9, 2012

were used the same idea, the carbon attached to the 
functional group and the carbons directly linked to it were 
defined as belonging to the high layer, while the rest of the 
molecule was treated as the low layer.

The following sequence of calculations will be used 
to obtain the results of proton and electron affinities: 
(1) optimization ONIOM2(DFT/6-31G(d):HF/6-31G(d)); 
(2) frequency ONIOM2(DFT/6-31G(d):HF/6-31G(d)); 
(3) energy ONIOM2(QCISD(T)/6-31G(d):HF/6-31G(d)); 
(4) energy ONIOM2(DFT/6-311++G(2df,p):HF/6-
31G(d)). The final energy is represented by:

Ecomb = E3 + E4 - E1 + (ZPE)λ (3)

In equation 3, λ is the ZPE scale factor. The scaling 
parameters permit, using the method of least squares, to 
get the best fit to the experimental data.56

Higher level correction (HLC), equation 4, is added 
to the final energy in the same way that is used in some 
variations of gaussian-n theory. This factor is necessary 
to correct limitations such as relativistic effects, complete 
basis set, non-dynamic correlation, etc.

HLC = - Anβ - B(nα - nβ)  (4)

The parameters A and B are optimized for the 
minimization of mean absolute deviation between the 
calculated and experimental value of the EA.

The ground-state energy used in the calculations is 
given by equation 5:

E0 = Ecomb + HLC  (5)

In summary the final energy obtained from calculations 
can be represented by equation 6:

E0 ≈ EONIOM2(QCISD(T)/6-311++G(2df, p):HF/6-31G(d ))//ONIOM2(DFT/6-31G(d):HF/6-31G(d)) (6)

The comparison among the methods was carried out 
with the lsd method (least squares difference). The lsd is 
given by equation 7:

  (7)

The value of t-student (tα) was used at the 95% 
level of confidence. The term MSerror corresponds to the 
difference between the sum of individual variances and 
methodological variances and n is the number of methods 
being compared.

The viability of the methods was provided with the 
comparison among proposed methodologies and the 
theories G3(MP2)15 and G3(MP2)/B3LYP16 (G3B3). The 
purpose of this comparison is to examine whether the use 
of the ONIOM method, which provides a considerable 
reduction in computational time in relation to G3 theories, 
affects the results.

All calculations were carried out using the Gaussian 03 
quantum chemistry package,57 and experimental data were 
obtained from NIST Chemistry WebBook.58

Results and Discussion

Proton affinity

The average absolute deviations of proton affinity are 
given in Table 2. The results are presented with and without 
the ZPE scaling correction for the 50 molecules studied.

We observe that the results agree very well with the 
experimental data even without the optimization of scaling 
values of zero point energy. There is an average decrease 
of 1.12 kJ mol-1 in deviations from the experimental data, 
considering the optimization process of λ, point-by-point. 

Table 2. Absolute deviations from proton affinities in kJ mol-1 with and 
without the ZPE scaling correction

Method
Deviation 
(λ = 1.00)

λoptimum

Deviation 
(λ = optimum)

B1LYP 6.05 ± 4 1.06 5.39 ± 3

B3LYP 5.96 ± 4 1.06 5.38 ± 3

HCTH 6.12 ± 4 1.07 5.08 ± 3

HCTH147 7.32 ± 4 1.14 5.22 ± 3

mPW1LYP 5.63 ± 3 0.99 5.52 ± 3

O3LYP 6.43 ± 4 1.11 5.11 ± 3

VSXC 8.36 ± 5 1.17 5.20 ± 3

X3LYP 5.74 ± 4 1.03 5.41 ± 3

G3(MP2) - 0.89 8.29 ± 4

G3(B3) - 0.96 7.86 ± 4

Figure 1. Diagram of the high and low levels of theory applied to the 
ONIOM method.
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This reduction shows that the ZPE scale factor must be 
included.

The comparison among the methods, performed by 
the statistical method lsd, suggests that values within the 
range from 5.08 to 7.19 kJ mol-1 are accepted as equivalent. 

Electron affinity

Table 3 presents the results of the deviations obtained 
between the calculated electron affinities and the 
experimental data.

In the results that do not have HLC correction, it is 
observed that the deviations from the experimental data are 

relatively high. This is due to deficiencies in the method, 
which can be empirically adjusted by the HLC term.

The addition of higher level correction has significantly 
decreased the mean absolute deviation by 0.31 eV. This is 
an important term to be added to the final energy.

The comparison among the methods used to describe the 
electron affinities gives lsd values equal to 0.044 eV. Results 
within the range from 0.066 to 0.110 eV are equivalent at 
the 95% confidence level. It is observed that only those 
methods that use the exchange-correlation functionals 
B3LYP, HCTH and O3LYP occur in this interval.

Analysis of chemical functions

The group of molecules used in the validation can be 
separated according to their chemical functions, and the 
dependence on them can be carefully analysed.

The results for the absolute deviations of proton 
affinities according to the chemical functions are shown 
in Table 4.

Overall there is a higher deviation for the radicals and 
alkenes, which may be due to the number of samples. 
However, chemical functions do not indicate any 
dependency on the method.

Table 5 presents the absolute deviations results for the 
electron affinities in relationship of the chemical functions.

Just as for the results of proton affinities there is not 
a dependence of electron affinities with the chemical 
functions. These results indicate that the proposed method 

Table 3. Absolute deviations from electron affinities (eV) with and without 
correction of HLC

Method
Deviation 
(without 

HLC)
A/eVa B/eVa Deviation 

(with HLC)

B1LYP 0.419 ± 0.07 0.239 0.118 0.112 ± 0.07

B3LYP 0.416 ± 0.07 0.237 0.116 0.108 ± 0.07

HCTH 0.417 ± 0.07 0.237 0.116 0.110 ± 0.07

HCTH147 0.441 ± 0.07 0.253 0.125 0.119 ± 0.07

mPW1LYP 0.399 ± 0.07 0.230 0.113 0.112 ± 0.07

O3LYP 0.441 ± 0.07 0.258 0.127 0.106 ± 0.07

VSXC 0.444 ± 0.07 0.241 0.118 0.122 ± 0.07

X3LYP 0.405 ± 0.07 0.227 0.117 0.112 ± 0.07

G3(MP2) - 0.253 0.122 0.081 ± 0.08

G3(B3) - 0.273 0.136 0.066 ± 0.07
aA and B are constants in the HLC, according to equation 4.

Table 4. Absolute deviations from proton affinities in kJ mol-1 according to the chemical functions

Chemical functions (number of molecules) Proposed methodsa Equation 6 (B3LYP)b G3(MP2) G3(B3)

aliphatic alcohols (32) 4.86 ± 3 5.06 8.71 7.44

cyclic alcohols (3) 2.88 ± 3 2.97 2.90 2.70

aliphatic ketones (3) 3.61 ± 3 3.75 4.96 3.71

cyclic ketones (2) 6.20 ± 3 6.62 5.90 8.41

radicals (6) 7.93 ± 4 7.55 10.55 12.33

alkenes (4) 7.39 ± 4 7.17 9.32 11.17

average (50) 5.29 ± 3 5.38 ± 3 8.29 ± 4 7.86 ± 4
aAverage result for the eight exchange-correlation functionals. bDeviations obtained considering only the B3LYP exchange-correlation functional.

Table 5. Absolute deviations from electron affinities in eV to the chemical functions

Chemical functions (number of molecules) Proposed methodsa Equation 6 (B3LYP)b G3(MP2) G3(B3)

aliphatic alcohols (32) 0.106 ± 0.07 0.101 0.081 0.063

cyclic alcohols (3) 0.117 ± 0.07 0.119 0.082 0.083

aliphatic ketones (3) 0.112 ± 0.07 0.106 0.076 0.059

cyclic ketones (2) 0.121 ± 0.07 0.110 0.071 0.056

radicals (6) 0.141 ± 0.07 0.129 0.092 0.082

alkenes (4) 0.134 ± 0.07 0.126 0.079 0.074

average (50) 0.113 ± 0.07 0.107 ± 0.07 0.081 ± 0.08 0.066 ± 0.07
aAverage result for the eight exchange-correlation functionals used. bDeviations obtained considering only the B3LYP exchange-correlation functional.
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is suitable for describing molecules containing the same 
chemical functions.

Conclusions

The addition of empirical corrections to high level 
electronic energies gives a significant improvement in the 
results. Considering PA analysis, can be concluded that the 
results obtained from the choice of only the 8 exchange-
correlation functionals, in the proposed method, are 
equivalent at the 95% confidence level. The EA calculations 
decrease the number of useful exchange-correlation 
potentials to B3LYP, HCTH and O3LYP. The results of 
G3(MP2) and G3(B3) are according to experimental data, 
as well as the proposed method.

We conclude that the ONIOM2(QCISD(T)/6-
311++G(2dF,p):HF/6-31G(d))//ONIOM2(B3LYP/6-
31G(d):HF/6-31G(d)) provides lowest median absolute 
deviation for PA and EA, 5.38 kJ mol-1 and 0.11 eV, 
respectively, compared with the experimental data for these 
electronic properties.

Concerning the dependence of the results with the 
studied chemical functions, the method is appropriate to 
describe similar systems.

Supplementary Information

Supplementary data is available free of charge at  
http://jbcs.sbq.org.br as pdf file.
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