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Abstract
35 physico-chemical descriptors were used to characterize all 75 congeners of chloronaphthalene in
terms of their environmental stability and specific dioxin-like toxicity. A prepared basic thermodynamic and
physico-chemical property data matrix of PCNs was interpreted using Principal Component Analysis (PCA).
The PCA of the thermodynamic and physico-chemical data matrix created a four-dimensional model that
explained 76% (58% + 9% + 5% + 4%) of the total variance. The loading plot shows that the first PC is
influenced by variables describing degree of chlorination, molecular weight, polarizability and lipophilicity.
The best positively correlated descriptors are: retention time, standard molar entropy, heat capacity,
a first-order molecular connectivity index, logarithm of octanol-water partition coefficient, the Wiener
Index, specific polarizability, a third order shape index for molecules, the sum of absolute of the charges on
each atom of the molecule, molecular weight, polarizability, refractivity, solvent-accessible surface, van der
Waals surface, solvent-accessible volume, van der Waals volume. Negatively correlated descriptors are:
standard enthalpy of formation and energy of HOMO. The second PC is strongly influenced by energy of
LUMO, while substitution pattern parameters, number of chlorine atoms at α-positions and vicinal (adjacent) carbon atoms substitution pattern are less important parameters. The third PC depends on dipole
moment and the largest negative charge, and on substitution at position 2 of naphthalene nuclei, while the
symmetry group parameter is determined by PC4. There are small groups consisting of compounds which
have similar values of LUMO energy and substitution pattern. The congeners of CN substituted with
chlorine at positions 1, 2, 3, 6 and 7 (Fv/Fv PCN congeners), and next those substituted at positions 1, 2, 3
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and 6 or 7 (Fr/Fv PCB congeners) are considered to be most potent in terms of dioxin-like toxicity, and
followed by those substituted at four positions (Fr/Fv), at three positions (Tr/Fv) and so on. The thermodynamic stability of the congeners of CN depends on the number of attached chlorine and structure of
the molecule. Among the 75 congeners of CN only a few, like PCN nos. 42, 52/60, 61, 66/67, are relatively
resistant to biodegradation and biomagnify in animals occupying a higher position in the marine food web,
and with a particular homologue group they are characterised by the lowest absolute values of energy of
LUMO.
Keywords: polychlorinated naphthalenes, PCNs, chloronaphthalenes, CNs, pollution, contaminants,
physico-chemical properties, toxicity, multivariate analysis.

Introduction
Polychlorinated naphthalenes (PCNs) are an important group of persistent organic pollutants (POPs) exhibiting significant toxicity [1, 5, 6, 34, 35, 57, 65, 77, 78] and
widespread occurrence in the environment [7-10, 13-26,
32, 37, 39, 40, 50, 56, 62]. These substances are an
example of the first group of dioxin-like compounds synthesised in the past in large quantity and to which human
beings and wildlife were exposed. Many congeners of
chloronaphthalene were recently identified and quantified in biota from the Baltic Sea and the Great Lakes of
North America, and also their presence in ambient air
and sediment in the northern hemisphere [3, 13-26, 44,
47-51, 53-54, 59]). Differences in persistency under environmental conditions, bioaccumulation and biomagnification potential of PCN congeners has also been indicated [10, 14, 16, 18, 49, 75]. Chloronaphthalenes are
nearly planar compounds and can contribute to aryl hydrocarbon (Ah) receptor-mediated toxicity similar to that
of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Table
1), and therefore are of concern on their environmental
sources of pollution and effects.
Technical PCN formulations were produced as
Halowaxes in the past by the Koppers Co. Inc., Pittsburg,
PA, USA [30, 76]. Melted naphthalene and chlorine in
the presence of a catalyst (FeCl3 or SbCl5) are substrates
involved in the synthesis of PCNs on a technical scale.
Seventy-five congeners of chloronaphthalene are theoretically possible (Appendix). The chlorination pathways
upon Halowax preparation involve an electrophilic aromatic substitution with chlorine, which leads to the generation of characteristic pattern of chloronaphthalene

Scheme 1. Structure and ring numbering system of PCNs. Positions 1, 4, 5, and 8 are called apical α-positions, and positions 2,
3, 6, and 7 are lateral /3-positions or peri positions.

homologue group. Naphthalene undergoes electrophilic
and nucleophilic substitution predominantly at the apical
α-positions (1, 4, 5, 8 - positions) of the molecule
(Scheme 1), and the entering chlorine will be directed to
para (or ortho) position relative to a chlorine already
present in the aromatic system [46]).
There are seven known basic technical Halowax mixtures, i.e. Halowax 1031, 1000, 1001, 1099 (also 1099b),
1013, 1014 and 1051 [7, 30, 46]. Halowax formulations
differ from each other with regard to their physical appearance, melting points (from mobile liquids to waxes
with melting point at 185°C), various chlorine content,
and abundance of chloronaphthalene homologue groups
and individual congeners [7, 30]. The batch-to-batch difference of chloronaphthalene homologue group content
(%) was reported for Halowax 1014 [37, 38, 41]).
Apart from the Halowax formulations from the Koppers Company, there were many other PCN mixtures and
manufacturers known. In Europe, PCN formulations
such as Nibren Wax (Bayer AG, formerly Farbenindustrie, Germany), Perna Wax (Chemische Fabrik
Greisheim, Germany), Basileum (Desowag-Bayer, Germany), (Electron, Germany), Seekay Wax (ICI Runcorn,
Great Britain), Clonacire Wax (Prodelec, Paris, France)
and Cerifal Materials (Caffaro, Italy), and in the USA:
N-Oil and N-Wax (Halochem and Chemisphere Company) were produced and used [7, 46].
Polychlorinated naphthalenes are hydrophobic, possess high chemical and thermal stability, good weather
resistance, and electrical insulating properties, low flammability and are compatible with other materials and
chemically inert. These substances were introduced as
industrial chemicals shortly before World War I. The
physical and chemical properties and applications of
PCNs are largely similar to that of polychlorinated biphenyls (PCBs), which are known much better both as
hazardous industrial chemicals and environmental pollutants, and which become a substitute to PCNs [11].
Since PCNs are persistent under environmental conditions, when released at sites of formation, manufacture,
use or disposal they will simply cause pollution problems.
Groundwater samples collected during 1995-1996 from
the aquifer of the Llobregat River near Barcelona (NE
Spain) contained PCNs in concentrations from <0.5
ng/dm3 to 79 µ/dm3 due to petrol pollution, and tetrachloronaphthalenes were present as a dominating CN
homologue group [62]. A recent study has shown that
chlor-alkali plants contribute to sources of PCNs in the
environment. Toxic equivalents of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD TEQs) estimated for PCN
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Table 1. Comparison of relative dioxin-like potencies reported for individual chloronaphthalene congeners expressed relative to
a 2,3,7,8-TCDD standard. Values reported were calculated as a quotient of EC-50 (EC-SOTCDD/ EC-50PCN), [5, 6, 35, 36, 77] and [78],
respectively.

congeners found in sediments collected at the chlor-alkali facilities were greater than those estimated for PCBs,
PCDDs and PCDFs [53]. Biota from the Baltic Sea accounted for up to 10% of the sum of TCDD TEQs for
those compounds [29].
Chloracne and liver disease and necrosis in humans,
X-disease in cattle, 7-ethoxyresorufin-O-deethylase
(EROD) induction and early life stage toxicity in fish has
been linked to exposure to chloronaphthalenes [1, 57,
65]. Although the use of PCNs has declined in the past
few decades, they are not prohibited in most countries
[46]. Polychlorinated naphthalenes also occur as technical impurities in PCB formulations and so can be found
in many PCB applications including transformers, capacitors and insulating oils [9, 64]. In addition to their industrial synthesis, chloronaphthalenes are by-products of
a number of thermal processes, such as copper ore smelt-

ing, aluminium smelting, municipal solid waste incineration, pyrolysis of chlorinated solvents such as polyvinyldiene chloride and tetrachloroethylene, and some of
polycyclic aromatic hydrocarbons (PAHs) [2, 10, 43, 63,
71, 72, 79, 81]. Environmental exposure of humans to
PCNs may be a cause for concern. Human milk in Europe and human adipose tissue in Japan has been found
recently to contain PCNs [55, 61]. There is a lack of exact
and chronological data on production volume of PCNs or
their time-trends and amounts possibly released into the
environment. The amount of PCNs potentially available
from technical PCN and PCB formulations are around
150,000 and 200 metric tonnes, respectively, and due to
formation in thermal processes in the 20th century about
1-10 metric tones [10]. In an attempt to reconstruct the
historical inputs of PCNs in Europe the dated core from
the profundal sediments of Esthwaite Water in England
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was investigated. It has been revealed that the PCN peak
in the late 1950s to mid-1960s predates the PCBs peak by
around 20 years [32].
This study expands the characterisation of all 75
chloronaphthalene congeners by computing some of
their basic thermodynamic and physical-chemical property data, which are useful descriptors for further Quantitative Structure Activity Relationship (QSAR) analysis
and modelling.
The aim of this study is to extract from the collection
of physico-chemical descriptors an information describing in the best way differences/similarities existing between 75 congeners of chloronaphthalene.

Materials and Methods
This paper is divided into two parts. In the first part,
a matrix of physico-chemical descriptors was prepared. In
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the second part, the matrix was analysed using the statistical method of PCA (principal component analysis) and
information about similarities between several chloronaphtalene congeners was extracted. For better understanding the information gathered, the electrostatic potential surfaces were drawn for all 75 congeners using
SPARTAN 4.0 programme package [4, 36, 42, 45, 52,
58, 74].
Matrices of Physicochemical Descriptors
In the first step, 35 physico-chemical descriptors for
all congeners were computed or taken from the literature
[12, 28, 60] (Tables 2 and 3). Geometry optimization was
carried out using the semiempirical PM3 method [67-69]
implemented in MOPAC 93 [70], and HyperChem™
programme package [42]. The QSAR analysis was carried out employing the SciQSAR™ programme package
[66].

Table 3. Physico-chemical data of all 75 congeners of chloronaphthalene used in the study.
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Variables 1-8 describe naphthalene nuclei chlorination patterns. They were obtained by giving the eight positions open for chlorine substitution in the naphthalene
molecule an indicator variable "1" or "0" depending on
the presence or absence of chlorine atoms [58, 74].
The symmetry of each molecule (variable 9) was described by one of four possible point groups: C2v (one C2
rotation axis - rotation by 180° and two vertical symmetry
planes), C2h (one C2 rotation axis and one horizontal
plane), D2h (three C2 rotation axis and one horizontal
plane) and Cs (only one plane). The values were extracted directly from MOPAC 93 data files [70].
The vicinal carbon atoms substitution pattern on one
or two rings of naphthalne nuclei (variable 10) was reported elsewhere [12, 20]. Depending on a number of
vicinal carbon atoms unsubstituted with chlorine at one
or two rings, there are a possible eleven different configurations: NVC-C1 PCNs (congeners with no vicinal
carbon atoms unsubstituted with chlorine or vicinal hydrogen atoms), DVC-C1 PCNs (congeners which have
two vicinal carbon atoms unsubstituted with chlorine/two
vicinal hydrogen atoms), DDVC-C1 PCNs (congeners
which have two pairs of vicinal carbon atoms unsubstituted with chlorine/two pairs of vicinal hydrogen
atoms), TVC-C1 PCNs (having three vicinal carbon
atoms unsubstituted with chlorine/three vicinal hydrogen
atoms), DTVC-C1 PCNs (congeners which have two and
three vicinal carbon atoms unsubstituted with chlorine/two and three vicinal hydrogen atoms), QVC-C1
PCNs (congeners which have four vicinal carbon atoms
unsubstituted with chlorine/four vicinal hydrogen atoms),
D/TVC-C1 PCNs (congeners which have two and three
vicinal carbon atoms unsubstituted with chlorine/two and
three vicinal hydrogen atoms), D/QVC-C1 PCNs (congeners which have two and four vicinal carbon atoms
unsubstituted with chlorine/two and four vicinal hydrogen atoms), PVC-C1 PCNs (congeners which have five
vicinal carbon atoms unsubstituted with chlorine/five
vicinal hydrogen atoms), HxVC-Cl PCNs (congeners
which have six vicinal carbon atoms unsubstituted with
chlorine/six vicinal hydrogen atoms), and HpVC-Cl
PCNs (congeners which have seven vicinal carbon atoms
unsubstituted with chlorine/seven vicinal hydrogen
atoms) (Table 4).
The number of chlorine atoms at α-positions (variable
no 11), GC retention times (variable no 12) and supercooled liquid vapour pressure (variable no 13) were
taken from the reference (60). The basic thermodynamic
properties such as standard enthalpy of formation, standard free enthalpy of formation, molar entropies, heat
capacities, energies of HOMO and LUMO (variables
14-18) were extracted from MOPAC 93 data files.
Variables 19-28 were computed using the SciQSAR™
programme package [66]). There are useful QSAR properties such as: a first-order molecular connectivity index
(computed over all single bonds of hydrogen-suppresed
graphs of the molecules - no hydrogen atoms present);
logarithm of the n-octanol-water partition coefficient
(logarithm - base 10 - of the ratio of the value of concentrations of a solute distributed between the water-immiscibile solvent, i.e. n-octanol - water); the Wiener Index
(defined as the sum of the distance between any two
carbon atoms in the molecule, in terms of carbon-carbon
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bonds); specific polarizability of the molecule (defined as
a molecular polarizability/molecular volume); dipole moment of the molecule (calculated by the Gasteiger-Marsili method); the largest positive charge over the atoms in
a molecule; a third order shape index for molecules - Kappa Alpha 3 (encodes identity of atoms involved in assessing the shape of a molecule and discerns isomers of
the same molecule; the sum of absolute values of the
relative charges on each atom of the molecule; the largest
negative charge over the atoms in a molecule and molecular weight [33, 58, 66, 80].
Variables 29-35 were calculated by using the HyperChem programme package [42]. These are: molecular
polarizability (calculated by the atom-based method; refractivity (calculated by the atom-based fragment method
developed by Ghose and Crippen); logarithm of the octanol-water partition coefficient (calculated by the atom
fragment method); solvent-accessible surface area; Van
der Waals surface area; solvent-accessible molecular volume; and Van der Waals molecular volume [31, 36, 42,
58].
Principal Component Analysis of the Data Matrix
In the second step, the collection of physico-chemical
data was analyzed using the Principal Component Analysis (PCA) method. PCA is a multivariate projection
method summarizing the systematic information in the
data matrix. Mathematically, it is the matrix decomposition into means xkmean scores tia, loading pak and residuals eik,
according to the equation (i):

where xik are the physico-chemical descriptors compiled
in the multivariate characterization. Index i is used for
the compounds (i = 1,2,3,...,75), while index k for the
descriptors (k = 1,2,3,...,35). Each score 4, describes the
location of the i-th compound along α-th principal component (PC) at the score plot. The absolute value of
a loading pak informs how much the descriptor (variable
k) contributes to α-th PC. The sign of a loading shows
whether the variable is positively or negatively correlated
to the PC. The first calculated principal component explains the main variation in the data, the second represents the next largest variance, etc. [45, 52, 73-74].

Results and Discussion
The computed basic thermodynamic and
physico-chemical descriptors for chloronaphthalenes together with some data taken from literature are presented in Table 2. All congeners of chloronaphthalene are
thermodynamically unstable. Nevertheless, the absolute
values of standard enthalpy of formation (∆fH°) and free
enthalpy of formation (∆fG°) decrease with increasing
numbers of attached chlorine atoms. This means that less
chlorinated congeners are more susceptible to degradation than those which are more chlorinated. Thus, in descending order, octa-, hepta-, hexa- and penta-CNs are
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more stable than tetra-, tri-, di- or mono-CNs, respectively. The thermodynamic stability of the congeners of
chloronaphthalene depends not only on the number of
attached chlorine atoms but also on their structure. For
example, 1,3,5,7-TeCN (no. 42), l,2,3,5,7-/l,2,4,6,7-PeCN
(nos. 52/60), 1,2,4,6,8-PeCN (no. 61) and 1,2,3,4,6,7/1,2,3,5,6,7-hexaCN (nos. 66/67) all posses one of the
lowest absolute values of standard enthalpy of formation
and free enthalpy of formation within a given chloronaphthalene homologue group (Table 2). These congeners indicated above were identified recently as most
abundant in tissues of top marine predators such as the
adult white-tailed sea eagle [23]. They are also characterised by the greatest values of biomagnification factor
when calculated for white-tailed sea eagle, black and fish
in relation to their food [9,13,14]. Another characteristic
feature of these relatively persistent congeners of chloronaphthalene is a specific structure - no one has vicinal
(adjacent) carbon atoms unsubstituted with chlorine on
one or both rings (Table 4). In other words they have no
vicinal hydrogen atoms [16].
HOMO energies of chloronaphthalenes differ only
slightly and changes of these do not correlate with a degree of chlorination. The negative energies of HOMO
and LUMO approximate, according to Koopman's theory, the first ionization potential and electron affinity of
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molecules, respectively. The dipole moments are more
dependent on the constitution and less on degree of
chlorination of molecules. Hence, the congeners of
chloronaphthalene with chlorine atoms distributed symmetrically exhibit minimal values of dipole moments and
those with chlorine atoms distributed non-symmetrically
- the highest values of this quantity. Higher chlorinated
congeners will more easily attract an electron than less
chlorinated ones. However, all congeners of chloronaphthalene should form thermodynamically stable negative
ions.
35 physico-chemical descriptors for each congener
(Table 3) were taken for analysis by Principal Component (PCA) method. The PCA of the physico-chemical
data matrix gave a four-dimensional model that explained 76% (58% + 9% + 5% + 4%) of the total variance. The loading plot shows that the first PC is influenced by variables describing degree of chlorination,
molecular weight, polarizability and lipophilicity (Fig. 1).
The best positively correlated descriptors are: retention time, standard molar entropy, heat capacity,
a first-order molecular connectivity index, logarithm of
octanol-water partition coefficient, the Wiener Index,
specific polarizability, a third order shape index for molecules, the sum of absolute values of charges on each
atom of the molecule, molecular weight, polarizability,

Table 4. Selection of chloronaphthalene congeners according to the pattern of substitution of vicinal carbon atoms on one or two rings with
chlorine.
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refractivity, solvent-accessible surface, van der Waals surface, solvent-accessible volume and van der Waals volume. Negatively correlated descriptors are: standard enthalpy of formation and energy of HOMO. The second
PC is strongly influenced by energy of LUMO, while substitution pattern parameters, number of chlorine atoms
at α-positions and vicinal (adjacent) carbon atoms substitution pattern are less important.
The third PC (Fig. 2) is depended on dipole moment,
the largest negative charge, and on substitution at position 2 of naphthalene nuclei, while symmetry group parameter is determined by PC4. The resulting score plot is
shown in Figure 3. The congeners are distributed in eight
prominent groups, monochloronaphtalenes to the left,
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and then successively, the di-, tri-, tetra-, penta-, hexa-,
hepta-CNs and octachloronaphtalene to the right.
The second Principal Component separates congeners
inside each prominent group. There are small groups
consisting of compounds which have similar values of
LUMO energy and substitution patterns. It is interesting
that chloronaphthalene congeners which are substituted
with chlorine at all five (1,2,3,6 and 7) positions (indicated by Fv/Fv) are located always in the upper part of
each prominent group. The next clusters, which can be
found in lower parts of the scatter plot, consist of the
chloronaphthalene congeners, which are substituted with
chlorine only at four (Fr/Fv), three (Tr/Fv) and so on
positions (Table 5).
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Table 5. Polychlorinated naphthalene subgroups separated by
the second PC.

Fig. 6. Loading plot. Loading vector 2 versus Loading vector
1 (the number of variables are given in Table 3 and explained in
text).

Compared to this extracted structure information describing similarities in physico-chemical properties of CN
congeners to data from dioxin-like activity in in vitro bioassays, it can be observed that chloronaphtalenes substituted with chlorine at positions 1, 2, 3, 6 and 7 (Fv/Fv
PCN congeners), and next those substituted at positions
1, 2, 3 and 6 or 7 (Fr/Fv PCB congeners) are considered
to be most potent in terms of dioxin-like toxicity. It seems
to be possible to estimate the values of TCDD TEFs (or
relative toxic potency, RTP) of the chloronaphthalene
congeners, which until now were not tested experimentally and/or those for which no standards are available
[27].
The surfaces of an electrostatic potential surrounding
for all 75 chloronaphthalene congeners are given in Figures 4-8. The electrostatic potential surrounding molecules reflects their ability to interact with nucleophilic or
electrophilic reagents. Blue colour indicates negative and
red positive values of the electrostatic potential. The
deeper the colour, the more distinctive the ability to interact. The regions of highly positive potential are susceptible to nucleophilic substitution and negative potential to electrophilic substitution. As these reactions
should indicate on chemical degradation of chloronaphthalenes, a thorough analysis of electrostatic potential
around molecules enables preliminary insight into reactivity, possibilities of interaction and their derivatives.

Fig. 7. Loading plot. Loading vector 4 versus Loading vector
3 (the number of variables are given in Table 3 and explained in
text).

Fig. 8. Score plot of Principal Component 2 versus Principal
Component 1.
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