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Abstract 

Quantitative structure–property relationships (QSPR) models for the estimation of normal boiling temperatures 
for a set of 200 acyclic carbonyl compounds (containing mono– and dialdehydes, mono– and diketones, keto 
aldehydes, and esters of monocarboxylic acids) were established with the CODESSA program. The QSPR 
models developed with CODESSA allow accurate computation of the boiling temperatures of organic 
compounds using simple constitutional, topological, electrostatic and quantum indices that can be computed with 
standard quantum chemistry packages. For the group of 127 aldehydes and ketones, a good multiple linear 
regression equation was obtained using five theoretical descriptors, with the following statistical indices: r = 
0.990, rLOO = 0.986, s = 5.3 °C, and F = 1190. Equally good results were obtained for the group of 73 esters (r = 
0.993, rLOO = 0.991, s = 4.2 °C, and F = 906) and all 200 compounds (r = 0.988, rLOO = 0.987, s = 5.6 °C, and F 
= 1628). Our results show that an improvement in the prediction of the boiling temperatures of organic 
compounds can be obtained by developing models for classes of structurally related compounds. 
Keywords. Quantitative structure–property relationships; QSPR; boiling temperature; CODESSA; carbonyl 
compounds. 

1 INTRODUCTION 

During the last twenty years quantitative structure–property relationships (QSPR) and 
quantitative structure–activity relationships (QSAR) models have gained an extensive recognition in 
physical, organic, analytical, pharmaceutical and medicinal chemistry, biochemistry, chemical 
engineering and technology, toxicology, and environmental sciences. The main contributions to the 
widespread use of QSPR and QSAR models come from the development of novel structural 
descriptors and statistical equations relating various physical, chemical, and biological properties to 
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the chemical structure. The success of the QSPR and QSAR approach can be explained by the 
insight offered into the structural determination of chemical properties, and the possibility to 
estimate the properties of new chemical compounds without the need to synthesize and test them. 
The main hypothesis in the QSPR and QSAR approach is that all properties (physical, chemical, 
and biological) of a chemical substance are statistically related to its molecular structure. The 
investigation of large and diverse molecular data bases was made possible by the advent of general 
QSPR/QSAR programs [1,2], such as ADAPT [3–12], OASIS [13,14] PRECLAV [15], SciQSAR 
[16], and CODESSA [17–25], which integrate the computation of structural descriptors with the 
generation of structure–property models. These programs compute more than one thousand 
structural descriptors from five classes: constitutional, graph theoretic and topological indices, 
geometrical, electrostatic, and quantum–chemical descriptors. Using statistical methods, such as 
multiple linear regression (MLR), PCA, PLS, or neural networks, the best descriptors are selected in 
the final structure–property model. 

The ability to predict with a high confidence level the physical, chemical, or biological 
properties for new chemicals significantly reduces the cost and time involved in the design of 
compounds with desired properties. Many QSPR and QSAR models were developed for the 
prediction of a wide range of properties, such as melting and boiling temperature, molar heat 
capacity, standard Gibbs energy of formation, vaporization enthalpy, refractive index, density,
aqueous solubility, 1–octanol/water partition coefficient, solvation free energy, receptor binding 
affinities, pharmacological activities, and enzyme inhibition constants. The normal boiling 
temperature (tb) of an organic compound is of high importance in the design of industrial processes, 
and numerous methods have been developed over the years for its estimation from the chemical 
structure [5–12,20–22,26–79]. Molecular group contribution methods are widely employed to 
estimate boiling temperatures [26–29]. The difficulty of this approach is represented by the 
definition of a consistent set of groups and by the necessity to compute the contribution of each 
group from a statistically significant number of molecules where the respective group is present. 
This method is limited to molecules containing only the groups presented in the calibration set of 
molecules. Also, some group contribution schemes are not comprehensive enough to cover multiple 
substitutions of functional groups. 

In the past, the boiling temperature was mainly computed with group contribution methods, 
while nowadays the tendency is to employ theoretical descriptors traditionally used in QSPR and 
QSAR. Initial work in applying QSPR and topological indices to boiling temperature was done by 
Wiener [30] and Platt [31] who introduced the Wiener index W (defined as the sum of the distances 
between any two carbon atoms in the molecule) and the polarity number p (defined as the number 
of pairs of vertices separated by three edges) as sensitive structural descriptors for alkanes. 
Subsequently, the normal boiling temperature of alkanes was extensively used as a benchmark 
property in testing novel structural descriptors or QSPR models [32–48]. Since the pioneering work 
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of Wiener and Platt comprehensive efforts were made to apply various structural descriptors and 
QSPR models for the boiling temperature of an ever increasing group of homologous and 
congeneric series: aliphatic hydrocarbons [5,49], aromatic hydrocarbons [50–52], various classes of 
hydrocarbons [10], halogenated alkanes [22,53–57], acyclic ethers, peroxides, acetals, and their 
sulfur analogues [22,58–61], sulfides [62], alcohols [63], chlorosilanes [64], acyclic carbonyl 
compounds [65], nitriles [66], furans, tetrahydrofurans, thiophenes [6], pyrans, pyrroles [7], and 
diverse heterocyclic compounds [8]. Another tendency is to develop QSPR equations for very 
diverse data bases of organic compounds, with the intention to obtain boiling temperature models 
widely applicable, if not for all organic compounds, then for a large diversity of chemicals 
[9,11,12,20,21]. Both approaches are important, because QSPR models of homologous and 
congeneric series have a lower error in prediction, while general boiling temperature models can be 
used for a quick and rough estimation of this property for any organic compound. Recently, the 
normal boiling temperatures for a set of 200 acyclic carbonyl compounds (containing mono– and 
dialdehydes, mono– and diketones, keto aldehydes, and esters of monocarboxylic acids) were 
modeled with MLR equations [65]. In these QSPR equations, Balaban, Mills, and Basak 
investigated the relationship between various topological indices (computed from the molecular 
graph) and the boiling temperature, demonstrating that structural descriptors derived from 
molecular graphs can model with good accuracy this property for acyclic carbonyl compounds. In 
this paper we improve the boiling temperature QSPR models for this class of compounds by using a 
larger population of structural descriptors, as implemented in CODESSA. 

2 MOLECULAR DATABASE AND QSPR METHOD 

Data Base. All QSPR models are obtained with the database assembled by Balaban, Mills, and 
Basak [65]. The structure and normal boiling temperatures (in °C) for the set of 200 acyclic 
carbonyl compounds (containing mono– and dialdehydes, mono– and diketones, keto aldehydes, 
and esters of monocarboxylic acids) is reported in ref. 65, and we use the compounds arranged in 
the same order as in Table 1 from the above reference. 

Previous QSPR Models. Balaban, Mills, and Basak developed three QSPR models, i.e. one for 
the group of ketones and aldehydes, the second one for esters, and the third one for all 200 carbonyl 
compounds. For the set of 127 aldehydes and ketones the QSPR model obtained with five 
topological indices is: 

tb = 210( 21)Jy – 326( 18)J + 251( 7)s0 + 61( 12)IC2 – 134( 25)IC1 – 160( 14)
n = 127 r2 = 0.9705 s = 6.49 °C F = 796 (1)

With the same five graph descriptors a better QSPR model was obtained for the 73 esters: 

tb = 320( 20)Jy – 418( 22)J + 217( 9)s0 + 150( 15)IC2 – 281( 26)IC1 – 99( 15)
n = 73  r2 = 0.9866 s = 4.0 °C F = 984 (2)
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Finally, by combining all compounds into a single set, the statistical indices slightly decreased, 
showing that a greater accuracy can be obtained by generating QSPR models for each class of 
compounds: 

tb = 302( 13)Jy – 372( 15)J + 223( 6)s0 + 116( 91)IC2 – 272( 13)IC1 – 109( 11)
n = 200 r2 = 0.9640 s = 6.93 °C F = 1039 (3)

The five topological indices used in the above three QSPR equations are the average distance–
based connectivity index (Balaban index) J computed from the simple molecular graph (with all 
atoms considered as carbons) [80,81], the Balaban index Jy in which the relative covalent radius 
(relative to that of carbon) accounts for the presence of heteroatoms [82,83], the sum of square roots 
of vertex degrees s0, and information content indices IC1 and IC2 [84]. 

Molecular Modeling. In the present investigation, the chemical structures were generated with 
HyperChem [85], the geometry optimization was performed with MOPAC [86] using the 
semiempirical quantum method AM1 [87] and the QSPR models were computed with CODESSA 
[88,89].

Structural Descriptors. The HyperChem structure files and the MOPAC output files were used 
by the CODESSA program to calculate 366 descriptors. CODESSA computes five classes of 
structural descriptors: constitutional (number of various types of atoms and bonds, number of rings, 
molecular weight); topological (Wiener index, Randi  connectivity indices, Kier shape indices, 
information theory indices; however, till now some significant indices are not included, such as J,
Jhet, or triplet indices [32]); geometrical (principal moments of inertia, shadow indices, molecular 
volume and surface area); electrostatic (when atomic charges are computed on the basis of atomic 
electronegativity: minimum and maximum partial charges, polarity parameter, charged partial 
surface area descriptors, hydrogen bond donor and acceptor surface indices); quantum (minimum 
and maximum partial charges, Fukui reactivity indices, dipole moment, HOMO and LUMO 
energies, molecular polarizability, minimum/maximum valency of an atom, minimum/maximum 
electron–electron repulsion for an atom, minimum/maximum exchange energy for a chemical bond, 
minimum/maximum atomic orbital electronic population, minimum/maximum nucleus–nucleus 
repulsion for a chemical bond, minimum/maximum electron–nucleus attraction for a chemical 
bond).

Multiple Linear Regression Model. From the whole set of 366 descriptors generated with 
CODESSA we have discarded descriptors with a constant value for all molecules in the data set. 
Descriptors for which values were not available for every molecule were assigned a zero value for 
the missing position. In the next step the number of descriptors was reduced by eliminating those 
with F–test values less than 1, t–test values less than 0.1 or correlation coefficients with the boiling 
temperature less than 0.1; as a result of this descriptor selection procedure, 198 descriptors 
remained for the group of ketones and aldehydes, 155 descriptors remained for the set of esters, 
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while for the entire data base of carbonyl compounds the selection resulted in 196 descriptors left 
for subsequent correlations. CODESSA develops MLR models by a heuristic method which 
includes the following steps: (a) All quasi–orthogonal pairs of structural descriptors are selected 
from the initial set. Two descriptors are considered orthogonal if their intercorrelation coefficient rij

is lower than 0.1. (b) CODESSA uses the pairs of orthogonal descriptors to compute the 
biparametric regression equations. The most significant 10 pairs of molecular descriptors are used 
in the third step. (c) To an MLR model containing n descriptors a new descriptor is added to 
generate a model with n+1 descriptors if the new descriptor is not significantly correlated with the 
previous n descriptors (intercorrelation coefficient lower than 0.8). Step (c) is repeated until MLR 
models with a given maximum number of descriptors are obtained. 

Model Validation. QSPR correlations can be observed not only because a causal relationship 
exists between a set of descriptors and a property, but also due to statistical bias resulting from 
errors in determining structural descriptors, experimental errors in measuring the property, or even 
due to chance alone. Model validation techniques are needed in order to distinguish between true 
and random correlations and to estimate the predictive power of the model. Although the QSPR 
equations developed with CODESSA are obtained by selection of descriptors from a large pool, 
several descriptor selection techniques are used in order to minimize the possibility of chance 
correlations. In a first step, from the initial pool of descriptors, CODESSA eliminates descriptors as 
indicated above, thus greatly reducing the dimensionality of the problem – that of finding a QSPR 
equation with a good predictive power. Then, as described in the previous section, a heuristic 
algorithm selects only quasi–orthogonal groups of descriptors that are tested for correlation with the 
boiling temperatures of carbonyl compounds. This selection algorithm ensures that the probability 
of obtaining a chance correlation is low, and maintains a reasonable searching time. Finally, the 
leave–one–out (LOO) cross–validation procedure is applied to each and every MLR equation in 
order to estimate the prediction power of boiling temperature QSPR. 

3 RESULTS AND DISCUSSION 

Table 1 presents the notation and a short description of the structural descriptors involved in the 
QSPR models reported in this investigation; more complete definitions of the descriptors can be 
found in the CODESSA manuals. The statistical results obtained in the best five monoparametric 
correlations are presented in Table 2. The molecular polarizability  (structural descriptors SD1) 
gives the best QSPR models for all three experiments: aldehydes and ketones, r2 = 0.9434, rLOO

2 = 
0.9413, s = 8.8 °C, and F = 2085; esters, r2 = 0.9420, rLOO

2 = 0.9392, s = 8.1 °C, and F = 1153; all 
molecules, r2 = 0.9023, rLOO

2 = 0.9003, s = 11.3 °C, and F = 1828. When modeling separately 
aldehydes and ketones in one group, and esters in another group, the standard deviation is below 9 
°C, while for the combined set of compounds the standard deviation increases to 11.3 °C. This 
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finding indicates that developing separate QSPR models for classes of structurally related 
compounds is the best way of improving the prediction of normal boiling temperatures of carbonyl 
compounds. Other important descriptors in the monoparametric models are the XY shadow index, 
connectivity index 1 , molecular surface area, total molecular surface area, and the number of 
carbon atoms (SD2 through SD6). 

Table 1. Notation of the Structural Descriptors Involved in the QSPR Models for 
the Normal Boiling Temperature of Acyclic Carbonyl Compounds 
Notation Structural Descriptor 
SD1 , molecular polarizability (computed from the dipole moment) 
SD2 XY shadow index 
SD3 1 , Randi  connectivity index of order 1 
SD4 MSA, molecular surface area 
SD5 TMSA, total molecular surface area (quantum) 
SD6 number of carbon atoms 
SD7 , molecular polarizability (computed from the dipole moment) 
SD8 minimum exchange energy for a C–C bond 
SD9 principal moment of inertia C / number of atoms 
SD10 maximum electron–electron repulsion for a C atom 
SD11 YZ shadow index 
SD12 HOMO energy 
SD13 CIC2, complementary information content of order 2 
SD14 minimum valency of a carbon atom 
SD15 principal moment of inertia B / number of atoms 
SD16 RNCS, relative negative charged surface area (quantum) 
SD17 DPSA3, difference of charged surface areas (electrostatic) 
SD18 DPSA3, difference of charged surface areas (quantum) 
SD19 maximum atomic state energy for a carbon atom 
SD20 principal moment of inertia B 
SD21 PNSA3, atomic charge weighted negative surface area (electrostatic) 
SD22 maximum atomic orbital electronic population 
SD23 FNSA3= PNSA3/TMSA, fractional PNSA3 (quantum) 
SD24 WNSA3=PNSA3×TMSA/1000, weighted PNSA3 (electrostatic) 
SD25 maximum nucleus–nucleus repulsion for a C–O bond 
SD26 PPSA3, atomic charge weighted negative surface area (electrostatic) 
SD27 FPSA1=PPSA1/TMSA, fractional PPSA1 (quantum) 
SD28 WNSA2=PNSA2×TMSA/1000, weighted PNSA2 (quantum) 
SD29 WNSA2=PNSA2×TMSA/1000, weighted PNSA2 (electrostatic) 
SD30 minimum electron–nucleus attraction for a C–O bond 
SD31 FPSA1=PPSA1/TMSA, fractional PPSA1 (electrostatic) 
SD32 PNSA2, total charge weighted negative surface area (quantum) 
SD33 HACA2, hydrogen acceptor donor charged surface (quantum) 
SD34 Kier flexibility index 
SD35 principal moment of inertia C 
SD36 maximum valency of an O atom 
SD37 RNCS, relative negative charged surface area (electrostatic) 
SD38 ZX Shadow / ZX Rectangle 

By increasing the number of descriptors up to five the LOO correlation coefficient increases 
indicating that the prediction of the model steadily improves. A further increase in the number of 
descriptors is not warranted, since the improvement in prediction is small. 
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Table 2. Structural Descriptors and Statistical Indices (Calibration Correlation Coefficient r, Leave–One–Out Cross–
Validation Correlation Coefficient rLOO, Standard Deviation s, and Fisher Test F) in the Best Five Monoparametric 
QSPR Models for the Normal Boiling Temperature of Acyclic Carbonyl Compounds 

SD r2 rLOO
2 s F 

aldehydes and ketones 
SD1 0.9434 0.9413 8.8 2085 
SD2 0.9257 0.9231 10.1 1558 
SD3 0.9215 0.9187 10.4 1468 
SD4 0.9134 0.9103 10.9 1319 
SD5 0.9049 0.9016 11.5 1190 

esters 
SD1 0.9420 0.9392 8.1 1153 
SD3 0.9374 0.9336 8.4 1063 
SD2 0.9304 0.9267 8.9 950 
SD4 0.9210 0.9162 9.5 828 
SD6 0.8994 0.8944 10.7 635 

aldehydes, ketones and esters 
SD1 0.9023 0.9003 11.3 1828 
SD6 0.8977 0.8957 11.6 1737 
SD4 0.8773 0.8748 12.7 1416 
SD2 0.8744 0.8719 12.8 1379 
SD5 0.8486 0.8456 14.1 1110 

Table 3. Structural Descriptors and Statistical Indices in the Best Ten QSPR Models with Five Descriptors for the 
Normal Boiling Temperature of Acyclic Carbonyl Compounds 

  SD   r2 rLOO
2 s F 

aldehydes and ketones 
SD3 SD7 SD8 SD9 SD10 0.9801 0.9772 5.3 1190 
SD1 SD11 SD9 SD12 SD13 0.9796 0.9764 5.4 1163 
SD3 SD7 SD8 SD9 SD14 0.9795 0.9748 5.4 1155 
SD3 SD7 SD8 SD15 SD14 0.9791 0.9761 5.5 1134 
SD3 SD7 SD8 SD16 SD17 0.9791 0.9770 5.5 1134 
SD3 SD7 SD8 SD16 SD18 0.9790 0.9769 5.5 1129 
SD3 SD7 SD8 SD16 SD11 0.9789 0.9765 5.5 1121 
SD3 SD7 SD8 SD15 SD10 0.9788 0.9767 5.5 1120 
SD3 SD7 SD8 SD9 SD19 0.9788 0.9751 5.5 1119 
SD1 SD11 SD20 SD12 SD13 0.9788 0.9758 5.5 1118 

esters 
SD3 SD7 SD21 SD22 SD23 0.9854 0.9823 4.2 906 
SD3 SD7 SD24 SD25 SD26 0.9853 0.9804 4.2 896 
SD3 SD7 SD21 SD22 SD27 0.9852 0.9819 4.2 894 
SD3 SD7 SD24 SD22 SD28 0.9850 0.9813 4.2 877 
SD3 SD7 SD21 SD25 SD26 0.9848 0.9803 4.3 868 
SD3 SD7 SD24 SD22 SD29 0.9848 0.9812 4.3 867 
SD1 SD38 SD30 SD14 SD26 0.9847 0.9806 4.3 862 
SD3 SD7 SD21 SD22 SD31 0.9847 0.9812 4.3 861 
SD3 SD7 SD24 SD22 SD32 0.9846 0.9808 4.3 859 
SD3 SD7 SD24 SD25 SD30 0.9846 0.9806 4.3 858 

aldehydes, ketones and esters 
SD1 SD14 SD34 SD33 SD35 0.9767 0.9750 5.6 1628 
SD1 SD14 SD34 SD36 SD35 0.9766 0.9749 5.6 1617 
SD1 SD14 SD34 SD37 SD35 0.9761 0.9734 5.6 1585 
SD1 SD14 SD34 SD33 SD20 0.9758 0.9741 5.7 1567 
SD1 SD14 SD34 SD36 SD20 0.9754 0.9737 5.7 1539 
SD1 SD14 SD34 SD33 SD9 0.9752 0.9736 5.8 1526 
SD1 SD14 SD34 SD33 SD15 0.9751 0.9736 5.8 1523 
SD1 SD14 SD34 SD36 SD9 0.9748 0.9731 5.8 1500 
SD1 SD14 SD34 SD36 SD15 0.9746 0.9730 5.8 1491 
SD1 SD14 SD34 SD37 SD20 0.9742 0.9720 5.9 1464 
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For the group of 127 aldehydes and ketones the results from Table 3 clearly indicate that the 
following QSPR model gives the best predictions: 

tb = – 400.1 (±45.5) + 41.060(±0.781)SD3 + 6.772×10–2(±9.110×10–3)SD7 
+ 31.27 (±4.30)SD8 – 958(±132)SD9 + 2.826(±0.524)SD10 

n = 127 r2 = 0.9801 rLOO
2 = 0.9772  s = 5.3 °C F = 1190 

(4)
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Figure 1. Experimental normal boiling temperatures vs. 
calculated with Eq. (4) for the set of 127 aldehydes and 
ketones. 

Figure 2. Calibration residuals computed with Eq. (4) for 
the normal boiling temperatures of 127 aldehydes and 
ketones. 

In Figure 1 we present the experimental vs. calculated boiling temperatures for the group of 127 
aldehydes and ketones, while in Figure 2 we display the calibration residuals computed with Eq. 
(4). Both these figures show that there is no special trend of the residuals and no clusters can be 
detected in the data. The group of compounds with large residuals will be discussed at the end of 
this section. Compared with Eq. (1), obtained only with topological indices, the QSPR model from 
Eq. (4) has a lower standard deviation and a higher correlation coefficient, indicating that the 
addition of the quantum descriptors can improve the boiling temperature prediction for aldehydes 
and ketones. The following five theoretical descriptors are present in Eq. (4): SD3, the Randi
connectivity index of order 1 1 ; SD7, the molecular polarizability  computed from the dipole 
moment; SD8, minimum exchange energy for a C–C bond; SD9, principal moment of inertia C / 
number of atoms; SD10, maximum electron–electron repulsion for a C atom. From these five 
descriptors, three (namely, SD3, SD7, and SD8) are present in eight out of ten QSPR models for the 
group of 127 aldehydes and ketones reported in Table 3, indicating that this set of descriptors is 
important in predicting the boiling temperatures for this group of organic compounds. An 
examination of the ten QSPR models for aldehydes and ketones from Table 3 reveals that the 
statistical indices are very close, and all equations have similar predictive power. In this context it is 
fit to recall that QSPR equations represent statistical models between a group of independent 
variables and a group of dependent variables. Although such models can be used for making 
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predictions for new compounds, in order to give insight into the mechanism of action of chemicals, 
or to suggest important descriptors that determine a given property, we always have to consider that 
QSPR models are not causal but statistical, and therefore a descriptor can be selected not only due 
to its relationship with the investigated property, but also by chance alone. Moreover, structural 
descriptors can be intercorrelated, and in such cases similar statistics for QSPR models can be 
obtained with different sets of descriptors. The prediction experiments performed with the leave–
one–out cross–validation procedure show that rLOO is very close to the calibration correlation 
coefficient r, demonstrating that this QSPR equation has a good prediction power. 

For the group of 73 esters the QSPR results presented in Table 3 imply that the statistical quality 
of all ten equations is very similar, with best results being offered by the following model: 

tb = – 13286(±1710) + 40.72(±1.21)SD3 + 8.248×10–2(±8.56×10–3)SD7 – 5.594(±0.589)SD21 
+ 6917(±893)SD22 + 269.1(±70.7)SD23 

n = 73  r2 = 0.9854 rLOO
2 = 0.9823  s = 4.2 °C F = 906 

(5)
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Figure 3. Experimental normal boiling temperatures vs. 
calculated with Eq. (5) for the set of 73 esters. 

Figure 4. Calibration residuals computed with Eq. (5) for 
the normal boiling temperatures of 73 esters. 

Using the QSPR model from Eq. (5) we present in Figure 3 the experimental vs. calculated 
boiling temperatures for the set of 73 esters, while in Figure 4 we display the calibration residuals. 
With the exception of compound 200 that has the largest residual, all other boiling temperatures are 
computed with a fairly good precision. Although this QSPR model was obtained by selecting 
structural descriptors from different classes, including geometric and quantum indices, Eq. (5) has a 
standard deviation larger with 0.2 °C than that of Eq. (2). Because the QSPR model from Eq. (2) 
contains only topological indices, it appears that our investigation did not include those geometric 
and quantum indices that can improve the boiling temperature modeling of esters. The following 
five theoretical descriptors are present in Eq. (5): SD3, the Randi  connectivity index of order 1 1 ;
SD7, the molecular polarizability  computed from the dipole moment; SD21, the atomic charge 
weighted negative surface area, PNSA3, computed with electrostatic atomic charges; SD22, the 
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maximum atomic orbital electronic population; SD23, the fractional atomic charge weighted 
negative surface area, FNSA3, computed with quantum atomic charges. From these five structural 
descriptors the first two are common with Eq. (4) obtained for aldehydes and ketones. SD21 and 
SD23 belong to the group of charged partial surface area (CPSA) [90] descriptors, defined by Jurs 
in terms of the solvent–accessible surface area of each atom and the atomic charge computed from 
the atomic electronegativity or with a quantum chemistry method. The molecule is considered as an 
ensemble of hard spheres defined by the van der Waals radii of the atoms. The solvent–accessible 
surface area is traced out by the center of a solvent sphere (usually water) that rolls over the van der 
Waals surface of the molecule. The CPSA descriptors encode features responsible for polar 
interactions between molecules. The atomic charge weighted negative surface area index PNSA3 is 
computed for all negatively charged atoms in the molecule: 

PNSA3= SA Qi
i

i (6)

where SAi  is the surface area of the negatively charged atom i, and Qi  is the partial negative 

charge of atom i. The fractional atomic charge weighted negative surface area FNSA3 is obtained 
from PNSA3: 

FNSA = PNSA3 TMSA3 / (7)

where the total molecular surface area TMSA is the sum of all atomic surface areas SAi:

TMSA SAi
i

N

1
(8)

The CPSA indices describe in a quantitative way the interactions between polar regions of 
molecules; the importance of such indices for the modeling of the boiling temperature of carbonyl 
compounds is indicated by the presence of 14 CPSA indices among the 37 descriptors from Table 1. 

The boiling temperature of the consolidated group of aldehydes, ketones, and esters is best 
modeled with the QSPR model: 

tb = – 1641(±167) + 1.8030(±0.0588)SD1 + 430(±44.0)SD14 + 6.396(±0.497)SD33 
+ 5.298(±0.421)SD34– 135(±20.8)SD35 

n = 200 r2 = 0.9767 rLOO
2 = 0.9750  s = 5.6 °C F = 1628 

(9)

In Figure 5 we present the experimental vs. calculated boiling temperatures for the 200 carbonyl 
compounds, while in Figure 6 we display the calibration residuals computed with Eq. (9). The 
above QSPR model, with s = 5.6 °C, represents a significant improvement compared to Eq. (3), 
with s = 6.93 °C. The following five theoretical descriptors are present in Eq. (8): SD1, the 
molecular polarizability , computed from the dipole moment; SD14, the minimum valency of a 
carbon atom; SD33, the hydrogen acceptor donor charged surface, HACA2, computed with 
quantum atomic charges; SD34, the Kier flexibility index; SD35, the principal moment of inertia C. 
The hydrogen–bonding ability of compounds can be characterized by the index HACA2, the 
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hydrogen bonding acceptor charged surface area: 

HACA
TMSA

2
1 2

1 2
Q SAa a

/

/ (10)

where SAa is the surface area of the hydrogen acceptor atom, and Qa is the partial charge on the 
hydrogen bonding acceptor atom. In general, the following atoms are considered as possible 
hydrogen acceptors: carbonyl oxygen atoms (except in COOR), hydroxy oxygen atoms, amino 
nitrogen atoms, aromatic nitrogens, and mercapto sulfur atoms. The results reported in Table 3 
reveal that all ten QSPR models for the 200 carbonyl compounds have similar statistical indices and 
predictive power; this is not surprising, since three descriptors, namely SD1, SD14, and SD34, are 
present in all ten equations. 
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Figure 5. Experimental normal boiling temperatures vs. 
calculated with Eq. (9) for the set of 200 acyclic carbonyl 
compounds. 

Figure 6. Calibration residuals computed with Eq. (9) for 
the normal boiling temperatures of 200 acyclic carbonyl 
compounds. 

We now turn our attention to the cases of compounds with large errors in the computed boiling 
temperatures, since this analysis can indicate the limits of the QSPR models, or structural features 
that are not accurately encoded by the set of descriptors used in this study, or even possibly 
erroneous entries for experimental tb. In Table 4 we have collected all carbonyl compounds that 
have residuals greater than 2s in one or more QSPR models; we present their label taken from Table 
1 of Ref. 65, SMILES codes, experimental boiling temperatures, and residuals (tb,exp – tb,calc). The 
structures of these carbonyl compounds with large errors in the computed boiling temperature are 
presented in Figure 7. The QSPR model from Eq. (3) gives ten compounds with an absolute residual 
between 2s and 3s (compounds 3, 7, 9, 21, 33, 35,62, 88, 119, and 199) and two statistical outliers, 
with absolute residuals greater than 3s (compounds 1 and 15). In column five of Table 4 we present 
the residuals computed with Eq. (4) for aldehydes and ketones and with Eq. (5) for esters. For the 
group of 127 aldehydes and ketones we have three molecules with an absolute residual between 2s
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and 3s (compounds 9, 88, and 122) and two statistical outliers (compounds 34 and 119); the two 
outliers are highlighted in Figure 2. Using the QSPR model from Eq. (5) developed for the 73 
esters, one identifies two molecules with an absolute residual between 2s and 3s (compounds 169 
and 185) and one statistical outlier (compound 200), indicated in Figure 4. An inspection of the 
boiling temperatures computed with Eq. (9) for all 200 compounds, helps us to find eight molecules 
with an absolute residual between 2s and 3s (compounds 11, 22, 32, 35, 154, 169, 185, and 200) 
and three statistical outliers (compounds 6, 21, and 119); these outliers are identified in Figure 6. 

Table 4. Selected Carbonyl Compounds with Their Label from Table 1 of Ref. 65, 
SMILES Code, Experimental Boiling Temperature, and Residuals (tb,exp – tb,calc)

No. SMILESa tb (°C) res. Ab res. Bc res. Cd

1 CC=O 21 –24 5.3 4.3 
3 C=CC=O 53 –20 –9.2 –9.9 
6 CC#CC=O 107 3 5.0 19.1 
7 CC(=O)C#C 84 17 5.2 6.7 
9 CC(=C)C=O 68 –15 –12.3 –7.7 

11 CCCC=O 75 –4 –10.0 –11.4 
15 CCC(=O)C#C 106 24 6.8 7.0 
21 CC(C)=CC=O 133 18 9.7 19.2 
22 CC=C(C)C=O 117 3 10.2 11.4 
32 CC=CC=CC=O 174 2 0.5 11.8 
33 C#CC(=O)C(C)C 118 20 5.0 4.9 
34 CC=C(C=C)C=O 144 8 18.1 11.1 
35 CCC=CCC=O 121 –19 –5.8 –12.5 
62 CC(=C)CCC(C)=O 150 15 9.7 8.1 
88 CCC(C)=C(C)C(C)=O 158 –16 –12.4 –7.7 
119 CCC(C)CC(=O)CCC 161 –18 –19.8 –17.4 
122 CCC(C)C(=O)C(C)CC 162 –6 –11.5 –4.5 
154 CC(C)OC(=O)C=C 110 –7 –8.1 –13.8 
169 CC(C)COC(=O)C=C 132 –4 –8.8 –13.1 
185 CC(C)C=CCOC(C)=O 172 –4 8.7 11.3 
199 CCC(C)C(=O)OC(C)C 144 –14 –2.8 –0.4 
200 CCCCCCCCOC=O 178 –12 –14.2 –11.3 

a The structures of the carbonyl compounds are presented in Figure 7 
b Residuals from Ref. 65 for all 200 compounds 
c Residuals computed with Eq. (4) for aldehydes and ketones and with Eq. (5) for esters 
d Residuals computed with Eq. (9) for all 200 compounds 

For some compounds, the QSPR models obtained in this study represent a significant reduction 
of the residuals; in this category we find in Table 4 compound 1 (residuals –24 from Eq. (3), 5.3 
from Eq. (4), and 4.3 from Eq. (9)), compound 2 (residuals –20 from Eq. (3), –9.2 from Eq. (4), and 
–9.9 from Eq. (9)), compound 15 (residuals 24 from Eq. (3), 6.8 from Eq. (4), and 7.0 from Eq. (9)), 
compound 33 (residuals 20 from Eq. (3), 5.0 from Eq. (4), and 4.9 from Eq. (9)), compound 199 
(residuals –14 from Eq. (3), –2.8 from Eq. (4), and –0.4 from Eq. (9)). Together with the better 
statistical indices of the QSPR models presented in this study, this improvement in the computed 
boiling temperature of several carbonyl compounds that have large residuals with the model from 
Eq. (3) shows that the geometric, charge partial surface area, and quantum descriptors are essential 
in obtaining better correlations for polar compounds. 
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However, in Table 4 we find also compounds with small residuals computed with Eq. (3) and 
larger errors in Eqs. (4), (5), or (9): compounds 6, 11, 22, 169, and 185. Compounds 6, 32, and 154 
exhibit a different behavior: it has small residuals computed with Eqs. (3) and (4), and a large error 
in Eq. (9). Although the global statistical indices show that Eq. (9) is better that Eq. (3), the above 
results point to molecules with inferior predictions with Eq. (9); such cases emphasize the 
difficulties related to QSPR predictions for novel compounds. The comparative analysis of these 
QSPR models obtained with different groups of structural descriptors suggests an efficient way to 
improve the prediction of the boiling temperature, namely a parallel use of several QSPR equations 
obtained with different descriptors and having similar statistical indices. For a given compound, the 
predictions obtained with different QSPR models are averaged, and whenever a prediction deviates 
too much from the mean, its value is eliminated from the average. This simple procedure can detect 
the failure of a certain QSPR equation for a given compound, and provides a more reliable 
prediction than any single model. 

4 CONCLUSIONS 

Many QSPR models are developed for very diverse databases of chemicals, with the intention to 
predict a certain property for a large diversity of organic compounds. These structure–property 
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models allow a rapid estimation of the property for any organic compound, but the predictions are 
generally affected by significant errors. The present study indicates that an improvement in the 
prediction of the boiling temperatures of organic compounds can be obtained by developing models 
for classes of structurally related compounds. For a group of 200 acyclic carbonyl compounds we 
have modeled the boiling temperature using a large diversity of structural descriptors, i.e. 
constitutional, topological, geometric, electrostatic and quantum indices, that can be easily 
computed with standard quantum chemistry packages. Three groups of computational experiments 
were conducted, by considering aldehydes and ketones in one group, esters in a second group, and a 
third group by unifying the first two sets. Good QSPR models were obtained with five structural 
descriptors, with slightly lower statistics when all compounds are combined into a single set : 127 
aldehydes and ketones (r = 0.990, rLOO = 0.986, s = 5.3 °C, and F = 1190); 73 esters (r = 0.993, rLOO

= 0.991, s = 4.2 °C, and F = 906); all 200 carbonyl compounds (r = 0.988, rLOO = 0.987, s = 5.6 °C, 
and F = 1628). In monoparametric correlations the molecular polarizability  gives the best QSPR 
equations, while in models with five parameters the most important descriptors depend on the 
separation of the compounds in different groups: the Randi  connectivity index of order 1 1 , the 
molecular polarizability , and the minimum exchange energy for a C–C bond for aldehydes and 
ketones; the Randi  connectivity index 1 , the molecular polarizability , and the maximum atomic 
orbital electronic population for esters; the molecular polarizability , the minimum valency of a 
carbon atom, and the Kier flexibility index for all carbonyl compounds. 
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