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Abstract: we established a Group Contributiuon (GC) parametrization for the heat of formation of
organic molecules but, and this is new, revealing chemical accuracy (1 kcal/mol). Compared to
previous approaches which did not achieve this, we succeeded by (i) taking reliable and consistent
experimental data, (ii) not relying on computer-assisted automated parameter estimation, (iii) tak-
ing into account the physico-chemistry known for years, i.e., only introducing additional parame-
ters when we understand the physico-chemistry, and finally (iv) acknowledging that the linear
additive GC method has its limits and cannot account properly for any molecule. Not only aver-
aged absolute deviations but also individual results were almost without exception within chemi-
cal accuracy, except for some more heavily substituted molecules for which the Group Contribu-
tion approach breaks down.
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1. Introduction

The Group Contribution (GC) approach is a meanwhile old [1] approach and was,
in the course of time, developed for many molecular properties. The basic idea is illus-
trated in the Scheme below where the molecule is broken into building blocks, the
Groups, and we also see the Groups that constitute 2-methyl-1-propanol. The GC ap-
proach inherently assumes that the Groups behave independently and the value of a
molecular property is calculated from the sum of the individual properties from the
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Figure 1. Caption.

Eng. Proc. 2023, 5, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/engproc



Eng. Proc. 2023, 5, x FOR PEER REVIEW 20f6

These quick and easy to use GC methods, in particular when a Graphical Interface
is provided (e.g., the ICAS program suite [2]), are very beneficial to chemical process de-
velopers. One of these properties is the heat of formation AHr of organic molecules. To
appropriately describe chemical transformations and equilibria, the heat of formation
must have chemical accuracy, i.e., 1 kcal/mol or better. Moreover, a method must be reli-
able which means there should have no or really very few outliers. So not only the abso-
lute averaged deviation of the model values should be small, but each individual value
should be within chemical accuracy. Up till recently GC methods for the heat of for-
mation of organic molecules did not achieve chemical accuracy [3,4].

2. Results

We started an attempt to revise the GC approach for AHr and meanwhile we have
succeeded to achieve this goal [5-8]. Compared to previous approaches this positive
outcome was the result of a number of specific actions. First of all, in the procedure to
determine the numerical values for the Group Contribution parameters we almost exclu-
sively used reliable and consistent experimental data selected after consulting experts on
experimental thermodynamics, which is crucial because of the 1 kcal/mol requirement.
Previous attempts have often relied on the use of experimental heats of formation from
data bases, but these are generally collections of data from a large variety of literature
sources without critical screening. Recently, Chan reported [9] that for the NIST data
base [10] the heat of formation of only less than 40% of all species included were found
within chemical accuracy. Moreover, even a pretty normal organic molecules such as 2-
methyl-4-methylene-1,3-dioxolane and 2,4-dimethyl-1,3-dioxole were found off by more
than 100 kJ/mol. When we use reliable data from proper sources, i.e., those from Rossini
and co-workers the linear alkanes [11], we observe a very constant increment and a very
small averaged absolute difference (AAD) between experiment and GC model: 0.19
kJ/mol. It is interesting to note that when we take further experimental data from other
sources for longer alkanes, i..e. heneicosane up till and including hexatriacontane, the
AAD for these only is over 1 k]J/mol which, though as such still very good, is much larg-
er than for the consistent Rossini data and that for simple species such as the linear al-
kanes. Next to the GC parameter value for the CH2 Group of —20.63 kJ/mol, at the same
time we have obtained a unique GC parameter value for the CHs Group: —42.36 kJ/mol.

Secondly, in order to achieve chemical accuracy, we observed that we needed to de-
termine the parameters step-by-step, in fact by hand, so we could identify specific devia-
tions. Most of the time researchers use automated procedures in which larger amount of
data are optimized simultaneously, but this makes it virtually impossible to trace and
understand specific deviations. One obtains a mathematical fit without the guarantee
that the correct chemistry is represented. Rather than looking at individual data, more
parameters are introduced to obtain better agreement with experimental data, which
easily leads to overfitting and incorrect predictions for molecules which were not in-
volved in establishing the Group Contribution parameter values. Our procedure, as we
learned it through our recent investigations [5-8], resulted in an absolute minimum
number of GC parameter, thereby avoiding overfitting, as additional parameters are on-
ly added based on concrete information on deviations between model and experimental
data and understood based on physico-chemical information. We have illustrated this
with various examples [5-8].

Starting from the linear alkanes, the next step were the methyl branched alkanes.
Analysis of the experimental data in conjunction with the GC model revealed we can
achieve good model results when adding nearest neighbour interactions. Using the con-
cept of nearest and next-nearest neighbour interactions is quite common in physics and
chemistry and these can, if desired, also be confirmed by ab initio quantum calculations
[8]. The latter makes we have a good physico-chemical justification for these additional
parameters. Various neighbour interaction parameters we thus established are shown in
the Scheme below, where the one in yellow is the 1,5-Me-Me-interaction.
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Figure 2. Caption.

An interesting example is formed by the nitriles. Whereas for the mononitriles we
see good agreement between the model and experiment, for the dinitriles this is not the
case for the first two in the series, viz. Table 2. Various models describe these two well
but require additional (not a priori justified) parameters to account for the higher dini-
triles. In reality one should look at it exactly the other way around: malono- and bu-
tanedinitrile are distinct cases because they are subject to so-called germinal effects.
These were described in detail by Beckhaus et al. [12] who reported a synergetic destabi-
lisation by two relatively close geminal cyano substituents of 48 kJ/mol, which is rela-
tively close to the deviation of almost 55 kJ/mol presented in Table 1. So also here, ac-
counting for the correct physico-chemistry leads to a good and scientifically justified
model.

Table 1. Experimental [10] and model values for mono- and dinitriles. All values in kJ/mol. The
AAD for the dinitriles is based on the two last species only, for discussion see text.

Nitriles NIST Model dHf Model-Exp  ABS (Model-Exp)
propanenitrile 51.5 53.01 1.51 1.51
butanenitrile 31.2 32.38 1.18 1.18
pentanenitrile 11.1 11.75 0.65 0.65
hexanedinitrile -29.51 1.45 1.45
octanenitrile -50.6 -50.14 0.46 0.46
decanenitrile -91.6 -91.4 0.20 0.2
tetradecanenitrile -174.8 -173.92 0.88 0.88
averaged absolute difference 0.80
malononitrile 266.3 211.37 -54.93 54.93
butanedinitrile 209.7 190.74 -18.96 18.96
pentanedinitrile 170.11 0.11 0.11
hexanedinitrile 149 149.48 0.48 0.48
averaged absolute difference 0.30

Another case for which it was not possible to get good agreement between model
and experimental values, within chemical accuracy, were alkyl-ethers. However, when
we calculated the geometries using quantum calculations (B3LYP) we could establish a
relation between the COC valence angle and the magnitude of the GC parameter value
associated with the ether Group. The relevant data have been collected in Table 2 and we
observe very good results within chemical accuracy.

Table 2. Experimental and model values for various ethers. All values in kJ/mol.

Verevkin ABS (Model-  Ether Grou GC Value COC Valence
Methyl-alkyl-ethers [13] Model dHf Model-Exp Exp) Constitutiofl ether Group Angle
dimethylether -184.1 -184.1 0.00 0.00 Me-O-Me -184.1 112.7
methyl ethyl ether -216.4 -217.36 -0.96 0.96 Me-O-C-R -175 113.1
methyl propyl ether -238.4 -237.99 0.41 0.41 Me-O-C-R 113.1
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methyl n-butyl ether -258.3 -258.62 -0.32 0.32 Me-O-C-R 113.1
methyl decyl ether -381.1 -382.4 -1.30 1.30 Me-O-C-R 113.1
methyl isopropyl ether -252 -252.72 -0.72 0.72 Me-O-CRR’ -168 115.1
methyl t-butylether -283.4 -282.08 1.32 1.32 Me-O-CRR'R" -156 118.4
methyl t-amylether -301.1 -302.71 -1.61 1.61 Me-O-CRR'R" 118.7
averaged absolute difference 0.83

Di-alkyl ethers Verevkin Model dHf Model-Exp ABS (Model-  Ether G ro.up GC Value COC Angle

2002 Exp) Constitution  ether Group

diethylether -252.1 -252.72 -0.62 0.62 R-COC-R’ -168 113.5
ethyl propyl ether -272.4 -273.35 -0.95 0.95 R-COC-R’ 113.5
ethyl butyl ether -293.98 R-COC-R’ 113.5
di-n-propylether -293.1 -293.98 -0.88 0.88 R-COC-R’ 113.5
di-n-butylether -332.9 -335.24 -2.34 2.34 R-COC-R’ 113.7
di-n-pentylether -380.4 -376.5 3.90 3.90 R-COC-R’ 113.4
ethyl t-amylether -333.5 -336.07 -2.57 2.57 R-COC-RR"R -146 119.4
butyl t-amylether -375.7 -377.33 -1.63 1.63 R-COC-RR'R” 119.1
ethyl t-butylether -316.8 -315.44 1.36 1.36 R-COC-RR'R” 118.8
propyl t-butylether -339.3 -336.07 3.23 3.23 R-COC-R'R"R” 118.7
n-butyl t-butylether -360.1 -356.7 3.40 3.40 R-COC-RR'R” 118.6
amyl t-butylether -380.6 -377.33 3.27 3.27 R-COC-RR'R”
di-i-propylether -319.4 -318.44 0.96 0.96 RR'-COC-R"R” -149 116
di-sec-butylether -361.3 -359.7 1.60 1.60 RR'-COC-R'R” 116.5
t-butyl s-butylether -379 -381.43 -2.43 2.43 RR'-COC-R"R"R"" -149 119.8
t-butyl i-propylether -360.1 -360.8 -0.70 0.70 RR'-COC-R"R"R"” 119.9
t-butyl i-butylether -367.9 -364.8 3.10 3.10 RR'-COC-R"R"R"" 119
di-t-butylether -361.2 -361.16 0.04 0.04 tBU-COC-tBu -107 128
averaged absolute difference 1.94

A further crucial aspect is the relevant size of the chemical Groups rather than using
the smallest possible entities which is often done, e.g., an aromatic carbon atom in a ben-
zene ring rather than the benzene ring as Group. In various cases the definition of
Groups which are not the smallest enabled very good results, i.e., chemical accuracy,
which could not be obtained otherwise. It should not be surprising that we need to de-
fine larger entities as Groups for, as a typical example, (heterogeneous) aromatic ring
systems. The electronic interactions make that the individual atoms (e.g., the CH entity
cannot be regarded as an independent entity), and thus the GC concept breaks down at
least when we want to achieve good accuracy of prediction. Thus, in the case of pyri-
dines and quinolones we adopted these two molecules as Groups themselves. When we
combined this with our already established GC model (parameters for other Groups) we
obtained very good agreement between model and experiment, viz. Table 3.

Table 3. Experimental [14] and GC model heats of formation for selected pyridines and quin-
olones. All values in kJ/mol. Both pyridine and quinoline have been adopted as a Group them-
selves and are therefore indicated with an *.

Pyridines and Quinolines Verevkin [14] Model dHf Model-Exp ABS (Model-Exp)
pyridine 140.4 142 % 1.60 1.60
2-methylpyridine 99.2 99.64 0.44 0.44
3-methylpyridine 106.4 105.64 -0.76 0.76
4-methylpyridine 104.1 105.64 1.54 1.54
2,3-dimethylpyridine 68.3 63.28 -5.02 5.02
2,4-dimethylpyridine 63.9 63.28 -0.62 0.62
2,5-dimethylpyridine 66.5 63.28 -3.22 3.22
2,6-dimethylpyridine 58.7 57.28 -1.42 1.42
3,4-dimethylpyridine 70.7 75.78 5.08 5.08
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3,5-dimethylpyridine 72.8 75.78 2.98 2.98
2-ethylpyridine 75.6 79.01 341 341
3-ethylpyridine 82.9 85.01 2.11 2.11
4-ethylpyridine 80.6 85.01 441 441
quinoline 200.5 197 * -3.50 3.50
2-methylquinoline 156.6 160.64 4.04 4.04
4-methylquinoline 158.6 160.64 2.04 2.04
6-methylquinoline 157.3 160.64 3.34 3.34
8-methylquinoline 164.8 160.64 -4.16 4.16
2,6-dimethylquinoline 121.3 124.28 2.98 2.98
2,7-methylquinoline 119.8 124.28 4.48 4.48
2-phenylquinoline 286.6 287.5 0.90 0.90
averaged absolute difference 2.76

Finally, it is important to realize and to make explicit that certain effects, i.e., certain
molecules, cannot be treated by a simple linear additive method which the GC method
is. One example are the (substituted) cycloalkanes, where we have shown that using
quantum calculations of the G4 type [15] we can establish trends and we can extract ad-
ditional parameters to be added to the GC model leading to model values within chemi-
cal accuracy [8]. Another example are heavily substituted alkyl-substituted species.
Whereas 3,5,5-trimethyl-1-hexanol and 2,2,4,4-tetramethyl-3-pentanol were well-
accounted for, this was not the case for 2,2,4,4-tetramethyl-3-iPr-3-pentanol (33 kJ/mol
deviation). We could show that using B3LYP quantum calculations one can find out
whether a case cannot be treated with the linear additive GC approach [8].

3. Conclusions

In summary, we established a new GC parametrization for the heat of formation of

organic molecules for which not only averaged absolute deviations but also individual
results were almost without exception within chemical accuracy, except for some more
heavily alkyl-substituted molecules for which the Group Contribution approach breaks
down.
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