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Introduction 
 
Polychlorinated naphthalenes (PCNs, CNs) are known persistent organic pollutants, contaminating 
natural ecosystems in effect of technical human activity1-6. Toxic effects induced by individual 
congers of PCNs are reported elsewhere7,8. Great risk of these chemical compounds is additionally 
connected with theirs excellent ability to be transported via atmosphere from a source to the remote 
regions on the Glob. Chloronaphthalene congeners had been found in Arctic regions at significant 
level in spite of the fact, that they had never been synthesized there, and also thermal processes like 
municipal waste incineration or domestic heating (other possible sources of PCNs in the 
environment) were not so intensive there1,3-6,8. 
 In 1996 F. Wania and D. Mackay have formulated some empirical rules, which have been 
very useful in estimation and modeling of environmental transport processes of persistent organic 
pollutants like PCNs. Two very important physico-chemical parameters in the theory of global 
distillation and cold condensation are: logarithm of n-octanol/air partition coefficient (log KOA) and 
logarithm of subcooled vapour pressure (log PL)9. 
 Values of log KOA and log PL in standard procedures are determined by means of 
chromatographic methods10-12. In order to reduce costs and number of experiments, we have 
proposed simple computational method of estimation log KOA and log PL.  
 
Materials and Methods 
 
The method combined quantum-chemical and chemometric tools. In the first step, the matrix of 
quantum-chemical, thermodynamic, and topological (X-matrix) descriptors was computed. The 
role of the X-matrix was to describe significant variability (similarities and differences) between 
individual congeners.  

In this study we used about 190 descriptors, so there is unable to present the full list of the 
descriptors. 16 quantum-chemical descriptors, such as: average molecular polarizability, dipole 
moment, the most positive and negative partial charge on atoms, ionization potential, electron 
affinity, molecular volume were computed on the level of density functional theory (DFT) using 
B3LYP hybrid functional in Popple-type triple zeta basis 6-311++G** (polarization and diffuse 
functions were added). In each case, polarizability tensors were diagonalized, and average 
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polarizability was calculated as a mean of eigenvalues from the polarizability tensor. Ionization 
potential was determined as a difference between total energy of molecular cation (+1) and the 
neutral molecule. Analogically, electron affinity in this study was a difference between energy of 
molecular anion (-1) and the neutral molecule13. 

Thermodynamic descriptors (4): standard heat of formation in gas phase, standard Gibbs 
free energy, head capacity in constant volume, entropy were calculated based on frequency analysis 
on the level of B3LYP/6-311++G** using the algorithm proposed by Otherski14,15. All quantum-
mechanical and thermo-chemical computation were done using GAUSSIAN 03 package16. 

Topological descriptors (170), such as: connectivity indices, topological indices, indices of 
neighborhood symmetry were calculated by means of DRAGON software. The full list of those 
descriptors is available on the DRAGON website17,18. 

After preparing of X-matrix, the matrix was autoscaled, and total number of descriptors 
was reduced using principal component analysis (PCA). In PCA, new orthogonal descriptors 
(called “principal components”) were formed as a linear combination of original, strongly 
correlated descriptors. Principal components were extracted in order of decreasing variability. In 
details, the method is described in many chemometric handbooks and publications19-21. In our 
study, we additionally used normalized Varimax rotation19, so there are used varivectors (Vs) 
instead of principal components (PCs).  

In the final step, the linear modeling method – multiple regression of principal 
components (PCR) was used to define quantitative relationships between structural information (X-
matrix) and physico-chemical properties (logKOA and logPL). These relationships might be 
described by the following equation (1). 
 

Y = b0 + b1V1 + b2V2 + … + bnVn 
 

where: Y – is estimated property, b0 – intercept, bi – i-th parameter of the model, xi – i-th 
varivector. 
 

Within the model, independent variables (Vs) were taken from principal component 
analysis, while the values of dependent variable were collected from published experimental data10-

12,22. Models were defined using backward stepwise technique23. The regression coefficients were 
found by means of the least squares method20,23. After identification, efficiency of the model was 
evaluated by cross-validation (leave-by-one)19, and finally values of log KOA and log PL was 
estimated for each of 75 chloronaphthalene congeners. 
 
Results and Discussion 
 
Principal component analysis of the structural matrix: Principal component analysis (PCA) of 
the matrix of 190 descriptors with normalized Varimax rotation resulted in five factors describing 
together 89 % (69 % + 8 % + 4 %  + 3 % + 2 %) of the total structural variability in 
chloronaphthalene congener set. 
 Full list of the factor loadings are not shown. The first varivector (V1) described molecular 
size. The second varivector (V2) was connected with atomic composition and symmetry of zero 
and first order neighborhood in molecules of individual CNs. The third (V3) was constructed from 
indices describing neighborhood symmetry of higher orders. Molecular properties depended on 
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sigma electrons were cumulated in the fourth varivector (V4). The fifth (V5) factor described 
ionization potential of the molecule. 
 Analysis of the score plots (not shown) suggested applicability of the used domain into 
whole set of chloronaphthalene congeners. 
 
Modeling and estimation of log KOA: Varivectors extracted in the pervious step were next used as 
the independent variables in modeling of log KOA. Backward stepwise regression resulted in the 
linear model described by the following equation: 
 

log KOA = 8.26 (0.03) + 1.11 (0.03) V1 + 0.15 (0.02) V2 + 0.15 (0.02) V4 
 

n = 27; R2 = 0.999; Q2
CV = 0.988; p < 0.0000; s = 0.15; F = 736 

 
 As it could be observed, there were very good values of determination and cross-
validation coefficients, which suggest good stability of the model. The plot of observed vs. 
predicted values of log KOW (figure 1) also confirmed linear character of the model and very good 
fit. 
 From this model unknown values of logarithm of n-octanol / air partition coefficients for 
each of 75 possible chloronaphthalene congeners were estimated. Results of the estimation are 
presented in the table 1. 
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Figure 1. Plot of observed vs. predicted values of log KOA for the test set. 

 
Modeling end estimation of log PL: Analogous algorithm was used in order to estimate values of 
logarithm of subcooled vapour pressures for individual CNs. 
 The same varivectors were chosen by means of backward stepwise regression to construct 
a model: 
 

log PL = -1.72 (0.03) – 0.93 (0.03) V1 - 0.09 (0.02) V2 - 0.16 (0.02) V4 
 



 
PHYSICO-CHEMICAL PROPERTIES, DISTRIBUTION AND MODELLING  

 

 
ORGANOHALOGEN COMPOUNDS – Volume 66 (2004) 2357 

n = 17; R2 = 0.994; Q2
CV = 0.990; p < 0.0000; s = 0.12; F = 739 

 
 The plot of observed vs. predicted values of log PL is presented in the figure 2. The model 
also are characterized by high values of R2 and Q2

CV, which determined use of the model in 
prediction of log PL for non-tested chloronaphthalenes. 
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Figure 2. Plot of observed vs. predicted values of log PL for the test set. 

 
 

Table 1. Observed and predicted values of log KOW and log PL for PCNs 
Varivectors Log KOA Log PL No. Congener 

V1 V2 V4 Obs. Pred. Obs. Pred. 
1 1-CN -1.61 0.90 -5.62 5.81 5.76 0.57 0.60 
2 2-CN -1.53 0.79 -5.63 5.76 5.84 0.58 0.53 
3 1,2-diCN -1.40 0.31 0.92 6.76 6.89 -0.48 -0.60 
4 1,3-diCN -1.33 0.24 0.89  6.96  -0.65 
5 1,4-diCN -1.47 0.15 0.67 6.92 6.75 -0.38 -0.47 
6 1,5-diCN -1.50 0.21 0.69 6.62 6.73  -0.45 
7 1,6-diCN -1.32 0.26 0.79  6.95  -0.64 
8 1,7-diCN -1.33 0.24 0.94  6.96  -0.66 
9 1,8-diCN -1.40 0.31 0.72  6.86  -0.56 

10 2,3-diCN -1.41 0.16 0.73  6.83  -0.54 
11 2,6-diCN -1.37 0.05 0.71  6.86  -0.57 
12 2,7-diCN -1.22 0.05 0.72 6.66 7.02  -0.71 
13 1,2,3-triCN -0.86 0.29 0.28 7.62 7.39 -1.19 -0.99 
14 1,2,4-triCN -0.87 0.18 0.32 7.27 7.36  -0.97 
15 1,2,5-triCN -0.84 0.18 0.31 7.45 7.41  -1.01 
16 1,2,6-triCN -0.92 0.34 0.40 7.50 7.35  -0.96 
17 1,2,7-triCN -0.80 0.07 0.45 7.54 7.45  -1.05 
18 1,2,8-triCN -0.78 0.14 0.34  7.47  -1.06 
19 1,3,5-triCN -0.82 0.15 0.34 7.32 7.42  -1.02 
20 1,3,6-triCN -0.83 0.05 0.37  7.41  -1.02 
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21 1,3,7-triCN -0.86 0.24 0.44  7.41  -1.01 
22 1,3,8-triCN -0.78 0.11 0.39  7.46  -1.06 
23 1,4,5-triCN -0.82 0.08 0.23 7.56 7.39  -1.00 
24 1,4,6-triCN -0.86 0.12 0.32 7.27 7.37  -0.99 
25 1,6,7-triCN -0.81 0.18 0.34 7.54 7.44  -1.04 
26 2,3,6-triCN -0.76 0.11 0.27  7.47  -1.06 
27 1,2,3,4-tetraCN -0.06 -0.40 -0.12 8.33 8.11 -1.76 -1.61 
28 1,2,3,5-tetraCN -0.06 -0.16 0.08 8.26 8.18 -1.75 -1.67 
29 1,2,3,6-tetraCN -0.03 -0.11 0.04  8.21  -1.68 
30 1,2,3,7-tetraCN 0.03 -0.27 0.11  8.27  -1.75 
31 1,2,3,8-tetraCN 0.01 -0.10 0.09  8.27  -1.73 
32 1,2,4,5-tetraCN -0.03 -0.23 0.14  8.21  -1.69 
33 1,2,4,6-tetraCN -0.12 -0.06 0.14  8.14  -1.62 
34 1,2,4,7-tetraCN -0.04 -0.08 0.18 8.08 8.23 -1.61 -1.70 
35 1,2,4,8-tetraCN -0.06 -0.25 0.09  8.17  -1.66 
36 1,2,5,6-tetraCN -0.18 -0.25 -0.01  8.02  -1.53 
37 1,2,5,7-tetraCN -0.07 -0.03 0.15  8.19  -1.67 
38 1,2,5,8-tetraCN -0.07 -0.22 0.07  8.16  -1.65 
39 1,2,6,7-tetraCN -0.05 -0.19 0.17  8.20  -1.68 
40 1,2,6,8-tetraCN -0.06 0.02 0.14  8.22  -1.69 
41 1,2,7,8-tetraCN -0.06 -0.26 0.04  8.16  -1.65 
42 1,3,5,7-tetraCN -0.24 -0.24 0.03  7.96  -1.48 
43 1,3,5,8-tetraCN -0.06 -0.22 0.10  8.17  -1.66 
44 1,3,6,7-tetraCN -0.09 -0.08 0.06  8.15  -1.63 
45 1,3,6,8-tetraCN -0.14 -0.25 0.12  8.09  -1.59 
46 1,4,5,8-tetraCN -0.17 -0.61 -0.09  7.97  -1.50 
47 1,4,6,7-tetraCN -0.24 -0.32 0.04  7.95  -1.47 
48 2,3,6,7-tetraCN -0.18 -0.48 -0.09  7.98  -1.50 
49 1,2,3,4,5-pentaCN 0.67 -0.35 -0.07  8.94  -2.30 
50 1,2,3,4,6-pentaCN 0.74 -0.47 -0.08 8.90 9.00 -2.32 -2.35 
51 1,2,3,5,6-pentaCN 0.76 -0.49 -0.10  9.02  -2.37 
52 1,2,3,5,7-pentaCN 0.69 -0.43 -0.04 8.72 8.95 -2.23 -2.31 
53 1,2,3,5,8-pentaCN 0.69 -0.48 -0.09 9.12 8.94 -2.48 -2.30 
54 1,2,3,6,7-pentaCN 0.65 -0.37 -0.14  8.91  -2.27 
55 1,2,3,6,8-pentaCN 0.71 -0.43 -0.04  8.98  -2.34 
56 1,2,3,7,8-pentaCN 0.77 -0.46 -0.06  9.04  -2.39 
57 1,2,4,5,6-pentaCN 0.66 -0.42 0.00  8.93  -2.30 
58 1,2,4,5,7-pentaCN 0.74 -0.67 -0.03  8.97  -2.34 
59 1,2,4,5,8-pentaCN 0.62 -0.49 0.00  8.88  -2.26 
60 1,2,4,6,7-pentaCN 0.64 -0.40 -0.10  8.90  -2.27 
61 1,2,4,6,8-pentaCN 0.70 -0.52 -0.06  8.95  -2.31 
62 1,2,4,7,8-pentaCN 0.71 -0.61 0.04  8.97  -2.34 
63 1,2,3,4,5,6-heksaCN 1.60 -0.78 -0.27  9.88  -3.09 
64 1,2,3,4,5,7-heksaCN 1.61 -0.69 -0.38  9.89  -3.10 
65 1,2,3,4,5,8-heksaCN 1.48 -0.88 -0.22  9.73  -2.98 
66 1,2,3,4,6,7-heksaCN 1.51 -0.93 -0.50 9.69 9.73 -2.92 -2.96 
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67 1,2,3,5,6,7-heksaCN 1.51 -0.91 -0.43 9.69 9.73 -2.92 -2.97 
68 1,2,3,5,6,8-heksaCN 1.60 -0.74 -0.38  9.87  -3.08 
69 1,2,3,5,7,8-heksaCN 1.56 -0.70 -0.07 9.82 9.88 -3.00 -3.10 
70 1,2,3,6,7,8-heksaCN 1.59 -0.77 -0.42  9.84  -3.06 
71 1,2,4,5,6,8-heksaCN 1.47 -0.82 -0.15 9.88 9.74 -3.02 -2.99 
72 1,2,4,5,7,8-heksaCN 1.55 -0.75 -0.10  9.86  -3.08 
73 1,2,3,4,5,6,7-heptaCN 1.56 4.32 -0.18 10.63 10.61 -3.65 -3.53 
74 1,2,3,4,5,6,8-heptaCN 1.55 4.33 -0.10  10.62  -3.54 
75 1,2,3,4,5,6,7,8-oktaCN 2.13 4.80 1.20 11.48 11.52 -4.25 -4.32 

 
Conclusions: QSPR prediction of log KOW and log PL for persistent organic pollutants like PCNs is 
an issue intensively study in recent time. Staikowa, Wania and Donaldson proposed mean 
polarizability as a single independent variable in linear regression model11. Standard error of these 
models were 0.31 for log KOA and 0.32 for log PL. Adding ZZ Cartesian component of the 
quadrupole moment tensor to the equation, they have got a small improvement of the prediction 
accuracy (s = 0.13 for log KOA and s = 0.23 for log PL). 
 Presented PCR model for log KOA predict with similar standard error (s = 0.15), while the 
model for log PL predicts more precisely (s = 0.12) than models proposed by cited authors.  

However, as it could be observed in the table 1, by means of QSPR procedure it is possible 
to simply describe differences in log KOW and log PL rather between homologue groups, than 
between individual congeners. In many cases standard error of the model is higher than real 
differences between individual congeners. More accurate models might require more precise 
measures of the experimental values for the training set and/or developing new and more adequate 
structural descriptors. 
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