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Abstract  
Recently, with the development of calculators and numerical tools, quantum computations to explore the 

electronic, structural and dynamic properties of matter without resorting to experimental knowledge have 

seen increasing development. Thus, it is possible to perform ab-initio calculations with increasing 

precision and for increasingly larger systems. In the scientific literature, papers using ab-initio quantum 

computation for the prediction of formation enthalpies is more and more numerous. The aim of this paper 

is to develop a theoretical method to calculate standard enthalpy of formation in gas stat for organic 

compounds using group contribution technics (third-order group contribution method). For the 

establishment of this method, 750 molecules are used. In parallel with group contribution methods, this 

paper presents another approach to calculate gas-state formation enthalpies based on DFT method. The 

calculation involved 30 molecules with at least one ring from C3 to C13. Finally, DFT and group 

contribution results are compared. 
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1. Introduction  

In today's chemical processes hundreds of thousands of 

components are used. The Chemical Abstracts Service 

registry lists 56 million substances [1], but many of these 

are only of scientific interest. Process designers need to 

know some basic chemical properties of the components 

and their mixtures. Experimental measurement is often too 

expensive. Predictive methods can replace measurements if 

they provide sufficiently good estimations [2]. The 

estimated properties cannot be as precise as well made 

measurements, but for many purposes the quality of 

estimated properties is sufficient. Predictive methods can 

also be used to check the results of experimental work. 

The standard enthalpy of formation or standard heat of 

formation of a compound is the change of enthalpy during 

the formation of 1 mole of the substance from its 

constituent elements, with all substances in their standard 

states.  

Enthalpy is an important parameter, which can be useful 

to evaluate energy especially for some thermal machine like 

gas turbine. A gas turbine is a combustion engine that can 

convert gas or other liquid fuels to mechanical energy [3-8]. 

So developing a theoretical method to estimate formation 

enthalpy especially for gas stat became a necessary for 

ameliorating the gas turbine performance [9-12].    

The Methods for determining the ∆fHgas
°  values of pure 

components can roughly be divided into two important 

classes: quantum mechanical approach [13-18] and group 

contribution approach [19-24]. Quantum mechanical 

methods provide generally reliable predictions for very 

small molecules [25-27]. However, these methods require 

high level theoretical calculations and significant 

computing power. By using quantum mechanical approach, 

several authors viz. Keshavarz et al. [28], Mathieu and 

Simonetti [13], Rice et al. [14] and Politzer et al. [16] 

proposed to estimate the formation enthalpies. Their 

methods showed a low deviation from experimental data 

only for a small data set of organic compounds. They 

estimated enthalpies of formation in the gas phase by using 

different density functional theory methods. For 

computation of sublimation enthalpies, Keshavarz et al. 

[17] and Rice et al. [14] have used the molecular surface 

area, total average potentials and the positive and negative 

variance of the surface electrostatic potential. As for other 

authors they modified the van der Waals electrostatic 

surface potentials of individual molecules for computation 

of the sublimation enthalpy. 
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For group contribution method is used to predict 

properties of pure components and mixtures by using group 

or atom properties. This reduces the number of needed data 

dramatically. Instead of needing to know the properties of 

thousands or millions of compounds, only data for a few 

dozens or hundreds of groups have to be known. In the 

literature, several methods for estimating ∆fHgas
°   with good 

accuracy have been proposed to fill the gaps between 

existing compounds and their experimental values of 

formation enthalpies [17, 19, 23, 25, 29-31]. For gas and 

liquid phases, it is now possible to calculate formation 

enthalpies values for some compounds with reasonable 

accuracy [32]. 

The objective of this work is to develop a simple 

accurate model for the prediction of enthalpies of formation 

at gas state from the molecular structures of pure organics 

compounds with a wide range of applicability (C, H, N, O), 

and to show a detailed analysis of its performance 

compared to previous models. The development of a 

thermodynamic model for the estimation of ∆fHgas
° , is based 

on the reliability of the experimental data. Building a good 

model requires a large database with a variety of chemical 

functions. 
The Marrero and Gani scheme [32] is used (third order 

group contribution method). To improve the reliability and 

accuracy of proposed model, especially in the case of C H 

N and C H N O compounds, new structural groups are 

defined and included in the Marrero and Gani [32] scheme 

based on the analysis of the predicted results and molecular 

structure compounds. In another hand enthalpies of 

formation at gas state are calculated using GAUSSIAN 09 

[33]. The results from the two methods are compared.  

 

2. Experimental Data 

The experimental values of ∆fHgas
°  presented by 

National Institute of Standards and Technology (NIST) [34] 

were collected and implemented with those recently 

published [28, 35, 36] to provide the reliable data set. The 

data set used in the present study is comprised of 750 

experimental data points including 238 CH, 155 CHO, 138 

CHN and 219 CHNO compounds. All values stored in the 

data set, range in ∆fHgas
°  values from -1285 up to 705 

kJ/mol. The ∆fHgas
°  values are expressed in kJ/mol which 

facilitated the comparison of proposed model results with 

those of other research.  

The quality of a predictive method depends on a variety 

of factors such as quality of data set used in its development 

and validation. For this reason, an analysis of experimental 

data was performed to check inaccuracies/uncertainties of 

the data, by consulting mainly National Institute of 

Standards and Technology (NIST) [34], other works and 

compilations. When one experimental measurement is 

available in the NIST database, this value is considered 

automatically. CAS Registry Numbers and ∆fHgas
°  values 

for each compound are presented as supplementary 

material.   (See appendix D) 

 
2.1 Model Development 

Having defined the data set of ∆fHgas
° , the collection of 

structural groups (molecular fragments) is considered. The 

fragmentation of the molecular structures was performed by 

an automatic program using Marrero and Gani method [32]. 

For more details on the cutting technique we recommend 

these works [32, 37, 38] . The chemical structures of all 

considered compounds were used. It was found that the 

Marrero–Gani’s first-order groups do not describe all 

compounds studied. For this reason, new first-order groups 

have been introduced and presented as supplementary 

material (See appendix C).  

The random choice of a validation set may distort the 

performance of the model if a contribution is regressed on a 

single data point or two (or even three) and may exclude 

some model parameters (group-contributions) from the 

training step which affects the application range [39, 40]. 

So, if group contribution value is generated from less than 

three compounds, this group contribution would certainly 

be more inaccurate than others. 

For this purpose, in this work the data set was divided 

into two sub data sets using semi-randomly choice [37, 38]. 

Indeed, if a compound is selected and if this compound is 

described by one of the irrelevant groups; group having 

their contribution value generated by less than three 

compounds, this compound is removed from the test set. 

This is important to avoid the lack of some necessary data 

for training step and to allow better regression of some 

model parameters. About 80% of the main data set are 

selected for training set (600 compounds) and all other 

(20%) are used for the test set (150 compounds).  

For this purpose we have developed a MATLAB 

program. It can divide in an automated way the data base 

into training and test set. This program uses the SMILES 

code. It is a semi random division following these steps: 

(1) Verification of the groups (descriptors) which describes 

the molecules. 

(2) Calculates occurrences of each group for all the 

databases. Then we can know how many times the groups 

(descriptors) are mentioned. 

(3) If a group is mentioned less than three times, molecules 

correspond to this group, are included in the learning base.  

(4) If the group is mentioned more than three times, 

molecules correspond to this group, are included in the 

learning or test base in a random choice. 

The combination of the third and the fourth criteria 

gives the semi-random division. In this work, a simple 

practical multivariable linear model is proposed. Several 

mathematical functions were tested to represent the ∆fH gas
° , 

The best mathematical form was found to be a simple linear 

form. The model obtained is as follows: 

∆𝑓𝐻𝑔𝑎𝑠
° (

𝑘𝐽

𝑚𝑜𝑙
) = ∑ 𝑛𝑖𝐴𝑖

𝑁

𝑖=1

                                            (1) 

where Ai is the contribution of first-, second-, or third-order 

group of type i that occurs ni times. To estimate the model 

parameters (contributionsAi) a simultaneous regression is 

considered by used all contributions of first-, second- and 

third-order groups in the training phase of the proposed 

model. This avoids that the higher-order terms absorb the 

errors of the lower-order terms. These parameters are 

obtained by minimization the sum of the squares of the 

estimation errors using Levenberg–Marquardt algorithm. 

Having estimated the values of ∆fHgas
°  for all the 

compounds in the dataset using Eq. (1), it was found that 

the average absolute deviations (AAD) for all compounds 

are relatively large; there is a fraction of compounds, which 

have large estimation errors. By examining these last 

compounds, it was found that these compounds belong to 

the following chemical classes: cyclic alkanes, acyclic and 

cyclicpolynitro, six-member and five-member ring, 

quinolines and compounds with some specific molecular
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 fragments. After analyzing the molecular structures of 

these compounds having large estimation errors, new 

structural groups are defined and included in the Marrero–

Gani’s groups as additional new third-order groups in order 

to increase the accuracy and reliability of the proposed 

model. These new groups provide more structural 

information and allow distinguishing between similar 

compounds having one or more functional first-order 

groups in common [37, 38]. A list of new groups, along 

with sample assignments and group occurrences, is 

presented in appendix C (See supplementary material). 

Finally, 314 groups were found to predict the ∆fHgas
°  

values, viz. 115 first-order, 77 second-order, 36 third-order 

groups and 83 new groups. The first-, second-, third-order 

and new groups, their contributions to the ∆fHgas
°  and their 

number of occurrences in the dataset are presented in 

appendix C. As well, the number of occurrences of the 

groups in each compound used in this work is presented. 

The application of the proposed model is illustrated through 

an example in Appendix B. 

The proposed model does not distinguish ∆𝑓𝐻𝑙𝑖𝑞
°  of 

several isomers in particular stereoisomers, for example, cis 

and trans isomers. However, the proposed method is able to 

distinguish between some isomers like branched alkanes 

with methyl group and branched aromatic compounds. 

In this work, we have not added new functional groups to 

distinguish the different isomers in order to respect the 

structural groups of the Marrero and Gani method [32] in 

their standardized form and thus facilitate the integration of 

our method in software and application. 
 

3. DFT Calculation of Formation Enthalpies in the 

Gaseous State 

In parallel with group contribution methods, this paper 

presents another approach to predict gas-state formation 

enthalpies based on an ab initio quantum molecular energy 

calculation. The calculation involved 30 molecules with at 

least one ring from C3 to C13. These molecules have been 

retained because they present some problems with the 

group contributions techniques.  

 

3.1 Geometric Optimization with Frequency Calculation  

Before starting the calculation of the formation enthalpy 

of the chosen organic compounds, the molecule must be 

optimized. This operation involves entering the input file 

and then launching the optimization procedure by choosing 

the "optimization" option from the choices given in "job 

type". After having optimized the structure, one must 

launch the second operation to have the thermodynamic 

parameters by using the "frequency" option. Note that you 

must use the same method and the same basic set for 

optimizing and calculating frequencies. 

In our work, we realized the choice "Optimization + 

Frequency" in the interface of the software. This choice 

consists in performing in parallel the geometric 

optimization of the molecule at the same time as the 

frequency calculation in the same operation. This technique 

makes it possible to optimize the 

The molecular structure and calculate the frequencies. 

In this work B3LYP method is used with 6-31G basis set. 

The stability of the molecule can be easily controlled by 

checking for imaginary (negative) frequencies. The 

imaginary frequencies indicate instability of the molecular 

geometry. Negative frequencies indicate instability in the 

molecule. A stable molecule should not have imaginary 

frequencies. 

 

3.2 Calculation of the Formation Enthalpy at 298.15 K 

After entering the input file in the G09 [33]  software 

and finishing the quantum computation (output file 

appearance in G09), the first task is to confirm that we have 

attained the convergence by the frequency check. If one of 

the calculated frequencies is negative (imaginary 

frequency) it means that we have not found the energy 

corresponding to the most stable conformation and that this 

energy is for a local minimum instead of the global 

minimum. 

The output file provided by G09 gives the formation 

enthalpy values of the compounds with respect to the ab-

initio reference state which consists of atomic nuclei and 

separated electrons, under zero pressure and at the 

temperature of 0 K. This value is expressed in Hartree per 

molecule (1 Hartree per molecule = 2625.50 kJ/mol).  

The transition from the ab-initio reference state to the 

thermochemical reference state consists of subtracting from 

the enthalpy obtained by ab initio for the molecule studied 

the enthalpy obtained equivalently for its elementary 

constituents, then adding the term to change from a 

monoatomic reference state to a molecular reference state 

[5]. Then it is necessary to calculate the atomic parameters 

Ci then the calculation of the enthalpy of formation in the 

standard state in the thermochemistry, with the standard 

pressure P° = 101325 Pa and the temperature T = 298,15K. 

This calculation is given by the following equation: 

ΔfH 
°=HAl- ∑ νi (Hi

Al-ΔfHi
°)=HAl- ∑ νi Ci                    (2) 

 

𝐻𝑖
𝐴𝑙 : Ab-initio Enthalpy of the element i 

∆𝑖𝐻𝑖
° : Standard formation enthalpy in perfect monoatomic  

gas state 
𝜈𝑖  : Stoichiometric coefficient 
𝐶𝑖  : Atomic parameter 

Atomic parameters can be defined by ab-initio 

calculations or determined using the standard monatomic 

gas (gas perfect) formation enthalpies found in the 

literature. Another technique is to adjust these parameters to 

experimental data by minimizing the following function. 

𝐽 = ∑ [𝛥𝑓𝐻𝑗
° − (𝐻𝑗

𝐴𝑙 − ∑ 𝜈𝑖𝑗𝐶𝑖

𝑖

)]

2

              (3) 

 

 

Table 1 shows the values of the atomic parameters of 

carbon and hydrogen determined by enthalpies of formation 

of atoms and those which are adjusted according to the least 

squares method [16]. 

 

Table 1. Result of optimization of the atomic parameters. 

Ai Defined values Adjusted values 

C 37.773922 38.113836 
H 0.4979950 0.5825820 

 

As part of this work, tests were carried out to calculate 

the formation enthalpy in the state of gas under the standard 

conditions of pressure and temperature, using the two 

techniques for calculating the atomic parameters; purely ab-

initio and adjusted to experimental data. The best results 

found are those by the use of adjusted parameters. 
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2.2 Results and Discussion 

First Method 

The performance of the proposed model for prediction of 

∆fHgas
°  values was evaluated, analyzed, compared to 

previous models and discussed. Generally, in the case of a 

large data set it is necessary to examine in detail the results 

of the proposed model. The statistical performance 

indicators used in this work, viz. coefficient of 

determination (R2), standard deviation (SD), mean square 

error (MSE) and average absolute deviation (AAD) are 

defined in Appendix A. 

After having developed a new method for the prediction 

of gaseous formation enthalpies, our model must then be 

validated and tested the predictive power. In a first step, the 

proposed model is applied for the estimation of formation 

enthalpies of the molecules used in the development of the 

model (training set). Then the proposed model is applied to 

new molecules that have not been used in its 

implementation to properly test its predictive power and 

robustness. 

The different statistical indicators namely AAD, SD, 

MSE, and R2 are displayed as follows; 3.33, 3.06, 4.52 and 

0.9997, respectively in the case of training data. The 

indicators are 4.50, 4.04, 6.04 and 0.9992 respectively in 

the case of the test set. Table 2 shows the maximum 

deviations (D max ) in the two learning and test sets as well 

as for all the data in addition to the statistical indicators 

mentioned above. Maximum deviations remain reasonable 

for both sets. 

 

Table 2. Performance statistics of the developed model. 

  𝑘𝐽/𝑚𝑜𝑙  

Data sets Number of 

molecules  

AAD SD MSE ARD (%) 

Training set  600 3.33 3.06 4.52 0.55 

Test set 150 4.50 4.04 6.04 2.00 

Total set 750 3.57 3.31 4.86 1.00 

 

In order to better highlight the performances of the 

proposed model, the prediction errors of the ∆fHgas
°  of two 

databases are classified according to four error intervals 

namely 0-5 kJ/mol, 5-10 kJ/mol, 10-15 kJ/mol and > 15 

kJ/mol (Table 2). A large proportion (72.40%) of the 

molecules have prediction errors between 0 and 5 kJ/mol. 

From these results it can be seen that by using the 

developed method there is a fraction of 543 compounds 

witch have deviations greater than 0 kJ/mol but less than 5 

kJ/mol. There are also 164; 40; and 3 molecules with an 

AAD between 5 and 10; 10 and 15, and less <20 kJ/mol 

respectively. Having examined the molecular structures of 

these compounds, it was found that they belong to the four 

classes and there is no relation between their chemical 

structures. Several reasons may explain these large 

deviations. Possible explanations include; a review of 

experimental values of  ∆𝑓𝐻𝑔𝑎𝑠
°    from NIST data base for 

some compounds reveals that there is a discrepancy 

between certain values of ∆𝑓𝐻𝑔𝑎𝑠
° , and there are insufficient 

experimental values for some compounds, which have been 

published only once. Although the number of input 

parameters of the proposed method is significantly lower 

than those of other methods, this new method is more 

accurate than previous methods. 

 
Figure 1. Relatives deviations between the calculated and 

experimental ∆𝑓𝐻𝑔𝑎𝑠
°  values as a function of experimental 

∆𝑓𝐻𝑔𝑎𝑠
° values. 

 

The relative deviations values of the developed model 

for training and test set as a function of experimental 

∆𝑓𝐻𝑔𝑎𝑠
°  values are shown in Figure 1. The relatives 

deviations are between -0.20 (Nitroxoline) and 0.17 

(Butanenitrile, 2-methyl-) for the training set. For the test 

set relatives deviations are between -0.73 (1-Butene) and 

0.50 (Homocubane-4-carboxylic acid). For the global data 

set relatives deviations are between -0.73 and 0.50. The 

mean absolutes deviation for training; test and the total data 

set are presented in table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Relationship between the experimental and 

estimated (by GCM) values of the formation enthalpy of 

750 molecules in the gas state. 

 

Table 3. Performance statistics of the developed model. 

   kJ/mol 

Methods Phase Data set AAD SD Dmax   

NGCM gas 750 3,57 3,31 18,53 

M. Benson  gas 799 4.10 7.76  56.60 

M. Joback  gas 378 8.40 18.00 * 

M. Constantinou   gas 373 3.71 * * 

M. Albahri 3 states 584 11.38 * 1276.6 

M. Bagheri 3 states 1694 56.98 * 580.3 

NGCM: the new group contribution method for calculation of  

∆𝑓𝐻𝑔𝑎𝑠
° . 

 

Comparisons have been made between the proposed 

model and the best existing GC models for estimation the 

∆𝑓𝐻𝑔𝑎𝑠
°   in gas state. Also, competing models developed to 

predict ∆𝑓𝐻𝑔𝑎𝑠
°  of compounds in in the three states of 

matter, are considered. Among these models, we can 

mention those of Benson et al. [41], Joback et al. [42],
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 Constantinou et  al.[43], Albahri et al. [44] and Bagheri et 

al. [45].  

Table 3 shows these comparisons, where statistical 

indicators as well as ADmax are given for each model. 

Taking into account the size and type of the data, the results 

achieved by our model are significantly better than those 

obtained by other models. The database used in this work is 

the largest compared to those used by other previous 

models, with the exception of the Bagheri et al database 

[45]. This increases the application range of the proposed 

model. It should be noted that the database proposed by 

Bagheri et al.[45] was taken from the DIPPR 801 database 

[46], where data are not all experimental (stored as 

experimental, predicted, unknown, or smoothed) and 

unfortunately the authors did not mention any information 

on data quality. 

In comparison to the competing models with a large 

database, the proposed model is more accurate because it 

displays both a very low AAD and ADmax. Benson et al. 

[41] have a good AAD but these models are applicable only 

on some classes of compounds, which is a disadvantage.  In 

addition, these methods show a significant ADmax values 

compared to the proposed model. 

 

Second Method 

The calculation involved 30 molecules is gaseous stat 

with at least one ring from C3 to C13. After geometry 

optimizations for the 30 molecules with Gaussian 09, and 

obtaining calculated formation enthalpies, the reference is 

changed to have the standard formation enthalpy at 101325 

Pa and   298.15 K. 

To analyze these results, the various statistical 

indicators (absolute average errors, standard deviations, 

etc.) are calculated. The results are shown in Table 4. For 

comparison, the statistical parameters of the 30 molecules 

are recalculated applying the group contribution model. 

(See Table 4.) 

 

Table 4. Standard formation enthalpy prediction results for 

gas phase according to DFT and GCM. 

   kJ/mol   

Data set AAD SD MSE R2 Dmax  

DFT 14.22 12.34 19.65 0.98787 42,38 

NGCM 19.46 26.19 32.27 0.97519 87.04 

DFT: density functional theory; NGCM: the new group 

contribution method for calculation of  ∆𝒇𝑯𝒈𝒂𝒔
°  

 

These statistical indicators are recalculated for the 30 

molecules (using the NGCM to calculate ∆fHgas
° ) to 

compare with those of DFT method. The statistical 

indicators AAD, SD, MSE and R2 for the DFT method are 

14.22, 12.34, 19.65 kJ/mol and 0.98787 respectively. And 

For the NGCM, statistical indicators are 19.46, 26.19, 

32.27, 0.97519 respectively. 

Figure 3 shows an affinity between the values of 

experimental formations enthalpies and those calculated by 

the DFT. In this figure, we find quasi-perfect regression 

between the experimental and calculated ∆fHgas
° , which 

amounts to saying that the computation is strongly related 

to the experimental values. Indeed, we obtained a linear 

correlation coefficient R2 = 0.98787. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Relationship between the experimental and 

estimated (by DFT) values of the formation enthalpy of 30 

molecules in the gas state 

For more results, Appendix E in Supplementary 

Material gives for each molecule the experimental values 

(kJ/mol), the values calculated by Gaussian 09 in Hartree 

per molecule and in kJ/mol, the calculated ∆fHgas
°  values 

using the new group contribution method. 

 

4. Conclusions 

The experimental values of ∆𝑓𝐻𝑔𝑎𝑠
°  can be obtained 

from traditional combustion calorimetry, but also from 

enthalpies of reactions measured by reaction calorimetric, 

as well as from equilibrium studies as a function of 

temperature. It is usually determined directly for one phase 

(liquid, gas, or crystal) and the values for other phases are 

obtained by adding or subtracting enthalpies of vaporization 

or sublimation [47]. However, obtaining experimental data 

of this property is not always available, because the 

measurements of these data are expensive, time consuming 

and sometimes risky to handle. Even with the availability of 

the experimental equipment, it is not easy to get very 

correct values in certain instances, because chemicals often 

degrade during the measure process [38].  

A new third order groups contributions method has been 

developed for the prediction of the formation enthalpy of 

organic compounds, in the gaseous state, containing the 

elements C, H, N and O. The proposed method is simple to 

implement, it requires only the knowledge of the developed 

formula of a given compound to apply it without resorting 

to other thermodynamic properties. A database of 750 

molecules was used during the development of the method. 

An 80% of the total database (training  set)  was used for 

the implementation of the model and the rest of the 

molecules (test set) are used to test and validate the 

proposed model. The proposed model displays acceptable 

statistical indicators with an AAD and SD of 3.57 kJ/mol 

and 3.31 kJ/mol, respectively. From the comparative study 

it was found that the developed method is more accurate 

than the method of Benson et al. 

Density Functional Theory is an entirely predictive 

method, used to define the most stable conformation. The 

DFT can be used also to calculate the parameters 

corresponding to these conformations. In this work, we 

presented the calculation details of the standard formation 

enthalpy of cyclic compounds, in the gaseous state using 

B3LYP method and 6-31G basis set. The results found are 

relatively accurate. The deviations AAD, SD, MSE and R2 

are 14.22, 12.34, 19.65 kJ/mol and 0.98787, respectively.  

The comparative study between DFT and the new group 

contribution method developed during this work shows that 

the results are very close. DFT is a good method for 



 

Int. J. of Thermodynamics (IJoT) Vol. 23 (No. 1) / 39 

estimating formation enthalpy, which is very accurate for 

simple molecules. But once the size of the molecule 

increases the deviations tend towards enormous values and 

the calculation time becomes very important.  

The ab-initio calculations make it possible to capitalize 

the theoretical knowledge around the property to be studied 

and they present considerable improvement prospects 

compared to the group contributions methods. 

 
Appendix A. Statistical performance indicators used in this 

work are presented as follows: 

 

AAD: Average absolute deviation: 

𝐴𝐴𝐷 =
1

𝑁
∑ |(𝑋𝑗

𝑒𝑥𝑝
− 𝑋𝑗

𝑝𝑟𝑒𝑑
)|

𝑁

𝑗=1
 

ARD: Average relative error: 

𝐴𝑅𝐷 % =
1

𝑁
∑ | (

𝑋𝑗
𝑒𝑥𝑝

−𝑋𝑗
𝑝𝑟𝑒𝑑

𝑋
𝑗
𝑒𝑥𝑝 ) |

𝑁

𝑗=1
∗ 100 

SD: Standard deviation: 

𝑆𝐷 = √
1

𝑁
∑ (𝑋𝑗

𝑒𝑥𝑝
− 𝑋𝑗

𝑝𝑟𝑒𝑑
)

2𝑁

𝑗=1
 

MSE: Mean square error 

𝑀𝑆𝐸 = √
1

𝑛
∑(𝑥𝑒𝑥𝑝 − 𝑥𝑝𝑟𝑒𝑑)

2
𝑛

𝑖=1

 

Linear regression coefficient (R2) 

𝑅2 = 1 − (

1
𝑁

∑ (𝑋𝑗
𝑒𝑥𝑝

−𝑋𝑗
𝑝𝑟𝑒𝑑

)
2

𝑁
𝑗=1

∑ (𝑋
𝑗
𝑒𝑥𝑝

−µ)𝑁
𝑗=1

2 ) 

with: 

xexp : Experimental value  

X 
pred : Predictive value. 

µ : Average 

N : Number of molecules 

 

Appendix B. Illustrative examples: 

 

In the following illustrative example, we present the 

application of the proposed method for the prediction of 

enthalpy of formation in gas phase.  

 

Example: Prediction of the formation enthalpy of: 2-

Propanol, 1-phenoxy-3 (phenylamino)- (CAS N°: 16112-

55-3). 

 
The experimental value of the enthalpy of formation is: 

-185.00 kJ/mol. The decomposition into groups is given in 

the following table: 

 

 

Order of fragmentation Occ. Cont. 

First-order of fragmentation   

CH2 01 -20.84 

aCH 10 15.22 

aC except as above 01 2.90 

aC-NH 01 44.58 

OCH2CHOH 01 -358.88 

Second-order of fragmentation Occ. Cont. 

CHm(OH)CHn(NHp) (m,n,p in 0..2) 01 -4.48 

Third-order of fragmentation Occ. Cont. 

Occ: Occurrences; Cont: 

Contribution values. 
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