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A B S T R A C T

Carbon dioxide can be used as feedstock to produce chemicals. It represents a stimulating defiance to manu-
facture novel cost competitive materials with less environmental impact, besides to investigate new opportu-
nities for catalysts and industrial chemistry. The contribution of carbon dioxide conversion goes beyond low-
ering global warming, by reducing fossil resource depletion or even yielding more benign production pathways.
Albeit promising, the literature data regarding the quantity of energy needed to convert carbon dioxide into
chemicals is limited and narrowed to the most studied processes and products. In order to understand and model
the formation of species using carbon dioxide as raw material, some basic thermodynamic data are needed. The
development of detailed reaction schemes in the field is also scarce. To enhance and further complete the
database of the products obtained from carbon dioxide, this study investigates different procedures to estimate
the basic thermodynamic properties of the reactants and products of these reactions. To date various methods
have been developed and introduced to determine the gas-phase standard enthalpies of formation and Gibbs
energy. Among them, group additivity and semi-empirical methods are widely employed due to their accuracy
and effort time for implementation compared to more rigorous methods. Semi empirical quantum-chemistry
methods were compared with group additivity methods. Available literature data were used to select the best
method for property estimation of the whole set of species, whereby produced from carbon dioxide. The products
from carbon dioxide were categorized in sixteen chemical classes, the reaction enthalpy for the direct route to
manufacture the products were assessed and indicate a large difference among the classes. The results of this
investigation show that semi empirical quantum-chemistry methods revealed to be more accurate for the studied
species; additionally, the method demonstrates robustness in estimating the properties. Together, these results
provide important insights into the thermodynamics of carbon dioxide related products.

1. Introduction

Carbon Dioxide (CO2) utilization technologies seek to mitigate
carbon emissions and expand energy supply while using CO2, con-
sidered a waste, as a useful commodity, diverging from conventional
technologies of abatement [1]. The closed carbon cycle concept, then,
arises, concerning processes to produce hydrogen (without the use of
fossil fuels) and the CO2 capture from a variety of sources, such as
cement or steel industries, power plants or fermentation process [2].

A novel CO2 based process is, usually, more material and energy
intense than the traditional route, in which a better integration and
process synthesis to minimize these issues are needed. Wiesberg et al.
[3] investigated two different routes to produce methanol from CO2.
Blumberg et al. [4] performed an exergy study to analyze the CO2-in-
tegration potential and the constraints within the reforming and

synthesis. Dabral and Schaub [5] reported a review of new CO2-based
compounds for industrial scale. Chauvy et al. [6] ranked emerging CO2-
based products for short- to mid-term deployment. Koytsoumpa et al.
[7] assessed the potential of CO2 for fuel and for combined heat and
power production. Accordingly, CO2 is a critical enabling element for
the sustainable future of chemical production [8].

In a short-to-medium-term, the chemical conversion of CO2 will
expand, notably in more developed fields, for example CO2 hydro-
genation, carboxylation and CO2-containing polymers. According to the
projection of Exxon Mobil report [9], the energy for the industry will
increase 20% from 2016 to 2040, whilst the growth of chemicals will be
40% at the same period. Similar behavior is predicted by Shell report
[10], in which a demand growth for chemicals in the medium term is
due to economic growth.

In this context, chemical product design (CPD) is an alternative for
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important changes in the chemical industry, including a split in the
industry between manufacturers of commodity chemicals and devel-
opers of special chemicals. However, it is an expensive laborious rou-
tine restricted to a specified quantity of resources (budget, raw mate-
rial, products and time) [11]. Other methodologies must be explored to
solve the issue of produce new chemicals or new routes faced the
growing demand. Novel advances in the field of computational ap-
proaches, mainly on computer-aided molecular design, are one of the
pillars for the study.

To perform CPD studies, several parameters and properties of the
chemicals are necessary. One of the most fundamental thermodynamic
property needed is the enthalpy of formation, which is critical in many
engineering areas, since energy balances depends on their accurate

values [12].
In some cases, the properties must be estimated. One can relate

chemical structures to properties at several levels of accuracy (group
contribution, molecular mechanics, semi-empirical, ab initio). The most
used methods are group contribution, which assumes the property of a
molecule can be predicted by the number of molecular sub-structures
appearances [13]. The Joback and Reid method [14] is the most pop-
ular. The Benson method is even more complex and considers the in-
teraction of a group with its neighborhood [15].

However, group contribution methods cannot distinguish isomers
and there is a lack of consistency in groups used to predict various
properties [16]. In order to increase accuracy and avoid costly methods
such as Hartree-Fock ab initio methods or density functional theory

Abbreviations

CPD Chemical Product Design
DFT Density Functional Theory
AM1 Austin Method 1 (semi-empirical level of theory)
PM7 Parameterization Method 7 (semi-empirical level of

theory)
PM6 Parameterization Method 6 (semi-empirical level of

theory)
PCES Property Constant Estimation System - Aspen Plus
r Pearson’s product-moment correlation coefficient
r2 Coefficient of determination
RMSE Root Mean Square Error
MAE Mean Absolute Error
RRMSE Relative RMSE
RMAE Relative MAE
VEcv Variance explained based on cross-validation

E1 Legates and McCabe’s efficiency
CAS Chemical Abstracts Service Number
MMFF94 Merck Molecular Force Field 94
BFGS Broyden-Fletcher-Goldfarb-Shanno algorithm
MOPAC2016 Molecular Orbital PACkage 2016

Nomencaluture

GΔf g
o
298, Gibbs energy of formation (gas-phase, standard state)

(kcal mol/ )
HΔf g

o
298, Enthalpy of formation (gas-phase, standard state)

(kcal mol/ )
S g

o
298, Entropy of formation (gas-phase, standard state)

(cal molK/( ))
HΔ rxn

o Enthalpy of Reaction (gas-phase, standard state) kcal mol/
Nk Number of groups k existing in a molecule (–)

Fig. 1. Methodology used in this study for the estimation of thermodynamic properties.
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(DFT), the quantum-chemical semiempirical methods, which are a
variant of electronic structure theory, can be used [17].

The semiempirical methods depart from ab initio or first principles
formalism, and consider assumptions to accelerate the calculations,
usually neglecting terms in the equations. To balance the errors, em-
pirical parameters are taken into consideration and calibrated against
experimental reference data. If the model is able to describe the prop-
erties, the parameterization may consider all other effects in an average
sense [17]. Different approaches for the integral approximation or
parameterization have been proposed, among them the Austin Method
1 (AM1) [18], Parameterization Method 6 (PM6) [19] and the Para-
meterization Method 7 (PM7) [20] are widely used. The last two cover
almost the full periodic table and can compute molecular and solid-
state properties.

In this work, the ability of six different methods of property esti-
mation was evaluated to calculate the theoretical gas-phase enthalpy of
formation ( HΔf g

o
298, ). The methods encompass two group contributions:

Joback method and Property Constant Estimation System (PCES) built
in Aspen Plus and three semi-empirical: AM1, PM6 and PM7. The main
objective of this research is to determine which is the best method for
estimation the properties of selected compounds. The reason for testing
various methods is to study the products from CO2 conversions using a
less demanding method than ab initio methods resulting in important
properties to perform CPD studies.

2. Methods

The steps for the estimation of thermodynamic properties employed
in this work are depicted in Fig. 1. A database of 122 compounds is
selected from the literature as products from CO2 conversion [21].
Complete details of the compounds are presented in the Supplementary
Material. A test dataset is a subgroup of the complete dataset and is
composed of 30 chemical species, since was possible to retrieve their
values of enthalpy of formation from the literature.

Enthalpy of formation calculations were carried out for every spe-
cies on the test database using one of the group contributions (Joback
and PCES) or semi-empirical (AM1, PM6 and PM7) methods. The rou-
tine for the group contribution methods is introduced in Section 2.1,
while for semi-empirical in Section 2.2.

A statistical analysis was performed in order to select the best
method (for the group of chemical species in study) and, then, the se-
lected method was used to estimate the thermodynamic properties
(enthalpy of formation, Gibbs free energy) for the remaining 92 che-
mical species.

2.1. Group contribution

The first order group contribution method of Joback and Reid [14]
was used. The Eq. (1) was used to calculate the enthalpy of formation
and was implemented in spreadsheets using the values of energy for the
group hfk reported in Joback et al. [14].

∑= +H N hfΔ 68.29 ·f g
o

k
k k298,

(1)

where Nk stands for the number of groups k existing in a specific mo-
lecule and hfk is the energy contribution of the group.

In order to generalize and avoid the limitations of the original
Joback and Reid method, a second-order group contribution method
(Benson Method) presented in the commercial software Aspen Plus was
also used through Property Constant Estimation System [22].

In this method there are two types of functional groups:

• Group increments: for example − CH3 or –COO–

• Corrections: for example the correction for the presence of a ben-
zene ring

The molecular 2D structure is supplied and, subsequently, the PCES
automatically generates the functional groups, provided the selected
method is able to model that molecule. In case there are missing groups,
e.g. a correction for a specific second order group contribution, the
PCES will use the Joback and Reid method instead.

Once the molecular structure is given, then PCES will automatically
generate the functional groups, stipulating if the selected method is able
to model that molecule or not.

2.2. Semi-empirical quantum chemistry

The methods of semi-empirical theory have been employed. They
neglect or approximate in an empirical way the integrals used for sol-
ving the time-independent electronic Schrödinger equation.

The first step is to obtain a stable structure and for the geometry
optimization, a minimization of the binding energy of the molecule was
performed. Energy minimization alters the molecular geometry (bonds,
angles, dihedrals) to lower energy levels, and yields a more stable
conformation. As the minimization progresses, it searches for a mole-
cular structure in which the energy does not change with infinitesimal
changes in geometry.

Initial geometries were supplied in internal coordinates, placing
symmetry constraints on the appropriate bond lengths, bond angles and
dihedrals in Avogadro software, version 1.2.0 [23].

The 3D representation of a molecule was exported and a routine
employing an openbabel python binding (pybel version 1.7 [24]) was
used, following the steps:

1. Steepest descent geometry optimization with the Merck
Molecular Force Field 94 (MMFF94) [25,26]. The method provides
good accuracy across a range of organic and drug-like molecules;
2. Weighted Rotor conformational search. It uses an iterative pro-
cedure to find a more stable conformation, choosing from the al-
lowed torsion angles, but the choice is re-weighted based on the
energy of the generated conformer;
3. Conjugate gradient geometry optimization

A second geometry optimization without restriction of any sym-
metry of the molecules in its ground state was performed using AM1,
PM6 or PM7 level with the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm as energy minimization routine as incorporated in Molecular
Orbital PACkage 2016 (MOPAC2016) [27]. All semi-empirical calcu-
lations (AM1, PM6 and PM7) were performed using the original para-
meter set of the MOPAC2016 [27].

2.3. Statistical analysis

Statistical analysis was carried out for a test subset due to the lit-
erature data available to compare experimental heats of formation with
the estimation of the methods under evaluation.

The performance of a model can be measured using a number of
statistics, such as: the Pearson’s product-moment correlation coefficient
(r) and its square, the coefficient of determination (r2), which describes
the degree of collinearity between the observed and model-simulated
variates. They are essentially by determining the error sum of squares
( ̂∑ −y y( )b

2). However, the coefficient of determination is limited, be-
cause it standardizes for differences between observed and calculated
means and variances, being insensitive to additive and proportional
differences between datasets [28].

To compare and further evaluate the ability of the methods, other
statistics were also calculated. Chai et al. [29] stated that multiple
metrics are required to provide a complete picture of error distribution.

Root Mean Square Error (RMSE) (Eq. (2)) is more suitable than
Mean Absolute Error (MAE) (Eq. (3)), when the type of error is normal
distributed and unbiased [29].
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Relative RMSE (RRMSE) (Eq. (4)) and Relative MAE (RMAE) (Eq.
(5)) are independent of unit/scale and not sensitive to data means ac-
cording to their definitions. Even though they enable comparison of
different datasets with different data means, they are linearly correlated
with data variance [30].

=
y

RRMSE RMSE ·100
(4)

=
y

RMAE MAE ·100
(5)

In order to avoid such problems, two other statistics were calcu-
lated. Variance explained by predictive models based on cross-

validation (VEcv) (Eq. (6)) does not show the limitations and it is an
accuracy measure. Moreover VEcv avoids the problems associated with
Nash and Sutcliffe’s efficiency [31].
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Legates and McCabe’s efficiency (E1) (Eq. (7)) is also an alternative
accuracy measure [32].
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A combination of the aforementioned metrics was used to define the
most suitable method to predict the enthalpy of formation. The calcu-
lations of normality and homogeneity were performed using PASW
Statistics 17.0.2.

2.4. Generation of properties

After the selection of the most suitable method for property esti-
mation, considering the statistical analysis, the thermodynamic prop-
erties calculations of the remaining species in database were carried
out.

With the enthalpies of formation available, one can calculate the
enthalpy of reaction executing basic algebraic operations according to
Eq. (8) [33].

Table 1
Shapiro-Wilk’s Test for the test dataset.

Dataset p-value

Literature 0.885
Joback 0.358
PCES Aspen 0.734
PM7 0.938
PM6 0.866
AM1 0.930

Table 2
Comparison of the results for the test dataset with literature data. The values represent entalphy of formation (kcal/mol).

ID Name CAS Lit. Ref. Group Contrib. SEQC

Joback PCES PM7 PM6 AM1
kcal/mol kcal/mol kcal/mol

1 Formic acid 64-18-6 −90.49 [36] −85.67 −90.26a −80.80 −79.51 −89.99
2 Acetic acid 64-19-7 −103.35 [37] −103.94 −103.37a −95.44 −95.31 −97.19
3 Propionic Acid 79-09-4 −109.92 [37] −108.87 −108.55a −99.81 −99.08 −103.57
4 Acrylic acid 79-10-7 −77.61 [38] −78.89 −75.39a −75.17 −73.67 −76.36
6 Methacrylic Acid 79-41-4 −87.21 [39] −86.17 −84.57a −84.38 −82.72 −83.33
7 Oxalic Acid 144-62-7 −170.86 [38] −187.66 −180.32a −159.55 −156.25 −169.78
8 Benzoic Acid 65-85-0 −70.17 [38] −72.07 −70.44a −59.26 −58.46 −62.55
9 p-Salicylic acid 99-96-7 −114.16 [40] −114.45 −112.57a −105.17 −104.48 −107.16
10 Salicylic acid 69-72-7 −116.87 [38] −114.45 −112.00a −106.62 −105.35 −109.84
12 9H-Fluorene-9-carboxylic acid 1989-33-9 −43.25 [38] −35.21 −35.21b −36.21 −36.94 −30.46
36 Acetaldehyde 75-07-0 −40.01 [37] −40.68 −39.23a −41.13 −38.19 −41.60
37 Formaldehyde 50-00-0 −25.98 [38] −22.40 −26.02a −25.54 −20.70 −31.51
38 Methanol 67-56-1 −48.10 [38] −51.67 −48.03a −48.94 −48.35 −57.05
39 Propanol 71-23-8 −60.95 [37] −61.54 −60.88a −62.74 −62.02 −71.19
41 Styrol 100-42-5 35.35 [37] 36.69 35.25a 36.65 37.91 38.63
42 Dimethyl ether 115-10-6 −43.99 [38] −51.82 −43.43a −45.00 −45.78 −53.21
43 Ethylene Oxide 75-21-8 −12.57 [37] −29.51 −12.51a −11.26 −10.06 −8.99
44 Acetone 67-64-1 −51.82 [37] −52.06 −51.64a −54.99 −53.83 −48.50
45 Ethylene carbonate 96-49-1 −121.74 [38] −101.85 −110.27a −118.03 −123.36 −127.64
46 Propylene carbonate 108-32-7 −132.68 [38] −111.64 −120.07a −127.10 −132.57 −132.76
47 Dimethyl Carbonate 616-38-6 −136.55 [38] −115.27 −132.59a −135.00 −128.97 −137.10
48 Diethyl Carbonate 105-58-8 −152.43 [38] −125.13 −142.45a −142.57 −146.20 −149.65
49 Methyl Carbamate 598-55-0 −101.65 [41] −70.65 −87.98a −92.27 −92.21 −91.29
50 Urethane 51-79-6 −107.24 [41] −75.59 −92.91a −100.74 −100.74 −97.24
68 4-Ethyl-1,3-dioxolan-2-one 4437-85-8 −137.70 [38] −116.58 −125.00a −132.25 −137.48 −139.24
83 Methyl isocyanate 624-83-9 −14.36 [39] −21.52 −21.52b −24.32 −22.17 −14.02
105 Urea 57-13-6 −56.29 [42] −26.04 −26.04b −51.27 −48.82 −44.52
115 1,3-Diphenylurea 102-07-8 7.62 [38] 37.23 37.23b 7.68 6.50 28.52
118 Tetrahydro-2-pyrimidone 1852-17-1 −48.06 [43] −27.08 −27.08b −46.85 −48.89 −40.14
120 2-Imidazolidinone 120-93-4 −42.86 [38] −20.68 −20.68b −38.62 −39.68 −25.21

a Aspen Plus PCES selected automatically the Benson Method.
b Aspen Plus PCES selected automatically the Joback Method.
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∑ ∑= −H ν H ν HΔ (Δ ) (Δ )rxn
o

products
f g

o

reactants
f g

o
298, 298,

(8)

The enthalpy of reaction can be determined by scaling each species
enthalpy of formation by its stoichiometric coefficient. In this study
only direct conversion routes to the products were considered, i.e. the
CO2 reacts with one or more reactants to form directly in one step the
products under assessment.

3. Results and discussion

The first part of this section introduces the statistical analysis and
error distribution, which lead to the selection of the most applicable
method for property estimation. Comparison with other studies from
the literature and lastly the evaluation of CO2-based products and re-
actions are shown.

3.1. Statistical results

For the statistical analysis, the requirements for parametric tests
were tested. The ensemble of indicators was also computed, including
the comparison literature vs. estimated values.

The first set of analyses examined the hypotheses of normality of
data (H0 - null hypothesis, indicating that data is normal, H1 - alter-
native hypothesis, rejecting the normality of data). H0 is required for
parametric tests.

A Shapiro-Wilk’s test (p > 0.05) [34] performed on the datasets is
presented in 1. The test demonstrates the normal distribution with a
significance level greater than 5% (p-value > 0.05).

The evaluation of the symmetry and kurtosis estimators, which re-
present aspects related to the shape of the histogram, were also calcu-
lated. The value for the skewness or kurtosis divided by its standard
error must lie between −1.96 and 1.96 to be considered a normal
distribution. A skewness of 0.151, 0.088, 0.135, 0.173, 0.154 and 0.196
(std error = 0.427) was obtained from the Literature, Joback, PCES,
PM7, PM6 and AM1 dataset, respectively. In respect of kurtosis [35] the
values of −0.471, 0451, −0.212, −0.290, −0.363 and −0.324 (std
error = 0.833) were obtained from the Literature, Joback, PCES, PM7,
PM6 and AM1 dataset, respectively. Therefore, the data corroborate the
normality of the test dataset, which ratifies the possibility of using
parametric analysis.

Additionally to the normality tests, the test of levene (p-value
= 0.988) validated the homogeneity of the data.

3.2. Test subset values

Estimation of enthalpy of formation by the different methods (group
contribution or semi-empirical quantum chemistry) were carried out for
the test dataset. This data was used in Section 3.1 to perform the sta-
tistical analysis. Table 2 presents the results obtained and their com-
parison with available literature data.

The ultimate objective of such computational strategy designed to
estimate values for HΔf g

o
298, is to reduce deviations from calculated

(estimated) to experimental (literature) values. A reason is that small
errors in HΔf g

o
298, growth, in some cases exponentially, when generate

other values dependent of such variable, for example Gibbs energy of
reaction or even the equilibrium constant.

The group contribution method of Joback and PCES Aspen yielded
calculated results in which 47% (14/30) and 57% (17/30) of the pre-
dicted values, respectively, were within±5.0 kcal/mol of values in the
reference literature set. Once the tolerance is set within±15.0 kcal/
mol the method Joback yielded 57% (17/30) while PCES Aspen yielded
87% (26/30). The maximum deviation is of 31.7 kcal/mol and
30.2 kcal/mol for the Joback and PCES Aspen methods, respectively.

In reference to the semi empirical quantum chemistry, the PM7,
PM6 and AM1 methods generated results whereby 50% (15/30), 50%
(15/30) and 43% (13/30), respectively, are within±5.0 kcal/mol
compared with reported literature data. By increasing the amplitude
to± 15.0 kcal/mol, the results were 100% (30/30), 100% (30/30) and
93% (28/30) enclosed in the selected range for PM7, PM6 and AM1.
The deviation, in this case, was smaller for all the methods (PM7
= 11.3, PM6 = 14.6 and AM1 20.9 kcal/mol maximum deviation)
when compared to the group additivity methods.

The uncertainty associated with each estimation method has been
published by the authors. The absolute average error for the heat of
formation claimed for the Joback Method [14], Benson Method [15],
PM7 [27], PM6 [27] and AM1 [27] are, respectively, 8.4 kJ/mol (std
= 18 kJ/mol), 8.36 to 16.73 kJ/mol (according to the chemical class),
18.69 kJ/mol (std = 19.68 kJ/mol), 19.27 kJ/mol (std = 20.38 kJ/
mol) and 52.14 kJ/mol (std = 41.53 kJ/mol).

Elioff et al. [44] compared different methods to estimate HΔf g
o
298, for

a test set and their results were similar with the current study. The semi-
empirical models (RM1 and PM7) displayed deviation ca. 14 kcal/mol,
however, they were very rapid and with an acceptable accuracy com-
pared with the ab initio methods tested in their study.

A fault of group additivity theory is that HΔf g
o
298, or other thermo-

dynamic property is occasionally affected by structural features not
properly addressed by the theory. Albeit more complex and with more
corrections, one disadvantage of Benson method, implemented inside
PCES Aspen Plus, is that the group contribution value is missing for

Fig. 2. Scatter plot of calculated gas-phase enthalpy of formation vs. literature values. *According to data in Table 2.
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some of the substructures of several compounds in the test set.
Fig. 2 presents the scatter plot comparing literature values with the

values obtained for each method.
The scatter plot for Joback method showed the most disperse be-

havior, representing that the calculated value can diverge from the
actual value. If the complexity of the method is considered, for example
in the Benson method, the calculated values lie more on a diagonal line
in the scatter plot.

The good representation of some molecules is due the fact that many
of the compounds in the original experimental reference set were used
to parameterize and develop the group additivity computational ap-
proach/method. Pertinent methods such as Benson are often accurate,
but one must carefully evaluate their application.

Semi empirical methods behaved similarly, although AM1 method
was sufficient accurate, PM7 data were distributed closer to the lit-
erature values (diagonal).

3.3. Statistical indicators of performace results

Predictive accuracy should be measured based on the difference
between the observed values and predicted values. Assessing the ac-
curacy of the methodologies is critical because it determines the quality
of resultant predictions [45].

In order to compare pearson product-moment correlation coefficient
(r) and the coefficient of determination (r2), six other indicators were
used to determine the most suitable method to calculate the enthalpy of
formation of the full set of compounds.

Table 3 shows the statistical indicators used to compare literature
and calculated values for the enthalpy of formation.

Among all methods tested, PM7 showed the best result (closer to 1),
with values of 0.996 and 0.993 for r and r2, respectively.

To complement the assessment other six indicators were used.
Relative MAE (RMAE), Relative RMSE (RRMSE), variance explained by
predictive models based on cross-validation (VEcv) and Legates and
McCabe’s (E1) [32,46]. Regarding the results for RMSE and MAE, the
best situation is to reduce the errors, then the smaller the value the
better. In this case, Joback exhibited the highest errors (16.310 and
11.883 for RMSE and MAE, respectively). The method with the smallest
error indicator was PM7.

In this situation, the method with the value closest to zero, shows
the smallest relative error. PM7 demonstrates the best case scenario
(RRMSE of −8.415 and RMAE of −6.809).

VEcv and E1 were presented in percentage to make their resultant
values comparable. The higher the value the better the method/model
is. In this case, the semi empirical methods achieved high scores
(> 97% for VEcv and>84% for E1). Group contribution methods at-
tained high scores, however lower than SEQC methods. Comparing the
values for VEcv and E1, the best method was PM7, with values of
98.293 and 87.553, respectively.

According to Li et al. [46] the VEcv and E1 should be used as
complementary measures, they may be able to represent the difference
between methods/models.

Overall, these results of the statistical analysis indicate that the most
suitable method for this study is the semi-empirical PM7. Therefore,

this method was used to calculate the enthalpy of formation for the
whole dataset.

3.4. ab initio comparison

The results obtained in this study using the PM7 level of theory were
compared with values obtained using a more complex quantum
chemistry level of theory calculations reported in the work of
Ghahremanpour et al. [47].

Ghahremanpour et al. [47] used the standard G2 [48], G3 [49], G4
[50] and CBS-QB3 [51] methods for about 2000 molecules up to 47
atoms, and W1U and W1BD [52] were used for about 650 molecules up
to 16 atoms. Computational cost is an important issue in evaluating
computational methods apart from accuracy and reliability, G4 method
is 8 and 24 times slower than the G3 and CBS-QB3 methods, respec-
tively, for calculations of HΔf g

o
298, and it is 28 times faster than the

W1BD method.
Table 4 presents the enthalpy of formation for ten different chemical

species using ab initio calculation (retrieved from [47]) or semi em-
pirical calculation (results of the current study).

One can see the small deviation from the ab initio calculations,
considering all levels of theory the maximum deviation was less than
4 kcal/mol (3.77 kcal/mol for methacrylic acid using W1U compared
with PM7).

The percentual difference remained limited to 10% (exception of
ethylene oxide), the PM7 value from methanol was within 0.01% dif-
ference from CBS-QB3.

These results are consistent with those reported in Ghahremanpour
et al. [47] and suggest that semi-empirical methods can be used to
estimate enthalpy of formation with a reasonable accuracy and relia-
bility with less computational effort. It is important to bear in mind a
possible bias in these responses for different chemical species not in the
studied group.

Table 5 displays the standard entropy for ten different chemical
species using ab initio calculation (retrieved from [47]) or semi em-
pirical calculation (results of the current study). The values were
compared with literature/ experimental data.

The results, as shown in Table 5, indicate that the entropy is well
estimated using either ab initio or semi-empirical methods for the
compounds studied. The values of formaldehyde and ethylene oxide are
within 0.48 cal/(mol.K), when compared calculated and literature/ex-
perimental data, which represents less than 1% of difference for all the
methods.

Formaldehyde is a very small molecule, therefore is expected a
considerable accuracy in the estimation, probably due to the use of this
chemical specie in the parameterization of PM7 method. The deviation
was 0.087 cal/(mol.K) (−0.17%). Some other small molecules behaved
similarly (e.g. methanol, styrene and dimethyl ether).

Propanol and methyl isocyanate showed the highest deviations from
literature reported values. The latter exhibited a deviation c.a. 3.5 cal/
(mol.K) (5.5%) using PM7 level of theory, while the former deviated
3.3 cal/(mol.K) (−4.3%), however it is still an adequate estimate for
this thermodynamic property.

Regarding the differences between the two calculation using ab

Table 3
Statistical indicators used as comparison of literature and calculated values for gas-phase enthalpy of formation.

Estimation Method Indicator

r r2 RMSE MAE RMAE RRMSE VEcv E1

Joback 0.957 0.916 16.310 11.883 −15.663 −21.500 88.856 71.367
PCES Aspen 0.982 0.964 11.445 7.382 −9.730 −15.086 94.513 82.213
PM7 0.996 0.993 6.384 5.166 −6.809 −8.415 98.293 87.553
PM6 0.995 0.991 6.750 5.384 −7.097 −8.897 98.092 87.026
AM1 0.990 0.979 8.075 6.305 −8.311 −10.644 97.268 84.808
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initio and semi-empirical methods, the deviation are within 5.23 cal/
(mol.K). Maximum deviation was observed from methacrylic acid va-
lues of G2 and G3 level of theory (6.7%), while the minimum value
deviation was observed from styrene, 0.05 cal/(mol.K) (0.06%).

Therefore, it can be assumed, when compared this study results with
previous works, that the semi-empirical method could be used to esti-
mate with a reasonable level of accuracy and reliability the enthalpy of
formation and entropy for the studied group of chemical species.

3.5. Thermodynamic properties results

Once PM7 was selected as the most suitable method for estimating
the studied thermodynamic properties, it was used for the whole da-
taset calculation, containing 122 chemical species.

The results for enthalpy of formation ( HΔf g
o
298, – kcal/mol), entropy

(S g
o
298, – cal/(mol.K)) and Gibbs energy of formation ( GΔf g

o
298, – kcal/

mol) are described in the Supplementary Material. The latter thermo-
dynamic property can be calculated using the Eq. (9).

= −G H T SΔ Δ ·f g
o

f g
o

g
o

298, 298, 298, (9)

One of the reasons to accurately estimate properties like enthalpy of
formation and entropy is owing to error propagation when calculating
other properties dependent on them. For example, for the purpose of
calculating the equilibrium constant (Keq) of a reaction, which depends
exponentially upon Gibbs energy of reaction, small errors in the en-
thalpy of reaction and, consequently, in the enthalpy of formation can
result in greatly different values of Keq.

3.5.1. Energy of reaction – direct route
For the characterization of CO2 utilization reactions, the work of

Otto et al. [21] was used as database of all reactions because they

considered the possible synthesis products as a basic requirement, and
gave an overview of important substance groups that can be synthe-
sized with CO2 as a feedstock, depending on the nature of the reactants.

The reactions were presented considering that a particular reactant
when combined with CO2 lead to the chemical species described in the
database (see Supplementary Material for the full description of mole-
cules).

Reaction enthalpies can be calculated as described in Section 2.4. It
can also evaluate heat release, if the enthalpy change is negative
( <HΔ 0rxn

o ), the reaction is exothermic, while positive values
( >HΔ 0rxn

o ) indicate endothermic reactions. The values of enthalpy of
formation for all the species studied are computed using PM7 level of
theory, unless literature or experimental data are available.

Taking the reaction of the formation of dimethyl carbonate from
CO2 and methanol, the results showed a value of −4.10 kcal/mol. This
value indicates that the gas phase reaction is exothermic at 298 K.
Similar results were obtained by Bustamante et al. [53], who performed
a study of dimethyl carbonate production from CO2 and methanol,
nevertheless the enthalpy of formation for chemical species were cal-
culated using group additivity. The complete set of enthalpy of reaction
is described in the Supplementary Material.

Fig. 3 stratifies the reactions according to their chemical classifi-
cation (see Supplementary Material).

The results indicate that 59% of the reactions are endothermic and
41% are exothermic. As Fig. 3 shows, there is a significant difference
among the chemical groups, for example all alcohol and ether reactions
studied were exothermic, while all aldehyde and epoxides were en-
dothermic.

Table 4
Enthalpy of formation (kcal/mol) calculated using ab initioand semi-empirical quantum chemistry methods.

ID Name Ab initioCalculationsa SEQC

CBS-QB3 G2 G3 G4 W1BD W1U PM7

6 Methacrylic Acid −86.69 −87.36 −86.66 −85.97 −87.83 −88.15 −84.38
36 Acetaldehyde −39.65 −41.63 −40.46 −39.29 −40.08 −40.32 −41.13
37 Formaldehyde −27.34 −28.01 −26.60 −26.79 −26.65 −26.89 −25.54
38 Methanol −48.90 −49.47 −48.18 −48.09 −49.24 −49.35 −48.94
39 Propanol −61.16 −62.14 −61.33 −60.76 −63.12 −63.26 −62.74
41 Styrol 37.36 39.58 35.49 35.18 – – 36.65
42 Dimethyl ether −45.39 −46.18 −44.55 −44.29 −45.46 −45.60 −45.00
43 Ethylene Oxide −13.55 −13.98 −12.67 −13.00 −13.67 −13.86 −11.26
44 Acetone −51.91 −53.20 −52.15 −51.77 −53.30 −53.54 −54.99
83 Methyl isocyanate −26.48 −27.01 −26.20 −25.93 −26.12 −26.39 −24.32

a The results presented are retrieved from Ghahremanpour et al. [47].

Table 5
Standard Entropy – So – (cal/(mol·K)) – experimental and calculated by ab initio and semi empirical methods.

ID Name Ab initio Calculationc SEQC Lit.

CBS-QB3 G2 G3 G4 W1BD W1U PM7

6 Methacrylic Acid 79.11 77.68 77.68 79.11 79.11 79.11 82.91 83.89a

36 Acetaldehyde 60.23 59.75 59.75 60.23 59.99 59.99 63.80 63.10a
37 Formaldehyde 52.10 52.10 52.10 52.10 52.10 52.10 52.26 52.34a
38 Methanol 56.88 56.64 56.64 56.88 56.88 56.88 57.46 57.36a
39 Propanol 72.18 71.22 71.22 72.42 72.42 72.42 73.89 77.20a
41 Styrol 83.17 80.54 80.54 82.70 – – 82.75 82.46b

42 Dimethyl ether 63.10 62.62 62.62 63.10 63.34 63.34 64.32 63.81a
43 Ethylene Oxide 57.84 57.60 57.60 57.84 57.84 57.84 57.99 58.08a
44 Acetone 74.09 70.98 70.98 71.22 71.94 71.94 72.58 70.51a
83 Methyl isocyanate 69.31 70.27 70.27 70.03 69.79 69.79 68.33 64.77b

a The results presented are retrieved from [37].
b The results presented are retrieved from [39].
c The results presented are retrieved from Ghahremanpour et al. [47].
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4. Conclusion

In this study, different thermodynamic property estimation methods
for chemicals produced from CO2 were assessed. The estimations of
enthalpy of formation for CO2 products were evaluated and the most
suitable method to perform the task was PM7, since it demonstrated to
be statistically the most applicable within the chemical species studied.
The method also showed good accuracy, robustness and efficiency
compared with the other methods tested. PM7 was used to calculate
properties such as entropy and Gibbs energy for all the chemical species
under study.

Experimental thermochemistry data are limited, primarily because
the measurements (calorimetry) usually require and destroy significant
amounts of material. In this sense, computational chemistry methods
are promising for the modelling of physiochemical properties and ac-
cessing the optimal structure of molecules. Most studies in CO2 utili-
zation have only been carried out in a small number of compounds, so,
this work fills the gap of energy related content regarding CO2 products,
helping to address chemical product design study issues. The study also
categorized the carbon dioxide derived products in sixteen chemical
classes and the reaction enthalpy for the direct route to manufacture the
products were assessed and indicate a large difference among the
classes.

This study can also lead to a more robust approach to not only
characterize the chemical but also select, within the chemicals studied,
the most promising for a detailed process synthesis design.
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