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Abstract

A quantitative structure—retention relationship (QSRR) model has been developed for the gas chromatographic relative
retention indices (RRis) of 62 polychlorinated naphthalene (PCN) congeners in a non-polar column, DB-5 (5% phenyl,
methylpolysiloxane). Chemical descriptors were calculated from the molecular structures of PCNs and related to their gas
chromatographic RRis by multiple linear regression analysis. The proposed model had a multiple square correlation
coefficient R*=0.995, and standard error SE=16.7. A QSRR reveals that the gas chromatographic retention of PCNs is
associated with the number of chlorine substitutions, influenced by electronic descriptors such as heat of formation,
maximum value for atomic valence, and the minimum value for electronic orbital population. O 1999 Published by
Elsevier Science BV. All rights reserved.
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1. Introduction

Polychlorinated naphthalenes (PCNs) are environ-
mentally persistent compounds. Technical PCN mix-
tures with chlorine contents ranging from 22 to 70%
(w/w), known as Halowaxes, have been produced in
the US since the 1920s. PCN congeners have been
detected and quantified in several matrices including
sediments [1,2], water [3,4], air [5,6] and biota [7—
9]. Isomer specific analysis of PCNs is challenging
due to the presence of the 75 theoreticaly possible
isomers, lack of individual purified congeners for
characterising the Halowax mixtures, and the simi-
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larities in chemical properties among different con-
geners. PCNs have been analysed by high-perform-
ance liquid chromatography (HPLC) [10] and gas
chromatography (GC) [11,12], however, isomer-spe-
cific analysis requires purified standards of individual
isomers. Although gas chromatography—mass spec-
trometry (GC-MS) is the best analytical technique
to identify these compounds at congener level,
resolving complex mixtures might require additional
tools involving the knowledge of molecular interac-
tions of PCNs with a stationary phase. This can be
achieved using quantitative structure—retention rela-
tionship (QSRRs) which provides statistical equa-
tions that relate molecular structure with the re-
tention phenomena [13-17]. The objective of this
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paper is to provide a statistical model to predict the
chromatographic retention of individual PCN con-
geners based on their molecular properties in a non-
polar column, DB-5.

2. Experimental
21 Data set

Relative retention times were determined for 62
PCN congeners in a Hitachi M-80B GC-MS using
fused-silica capillary columns coated with DB-5
(J&W <cientific, Folsom, CA, USA) (30 mx0.25
mm [.D., 0.25 um film thickness). Chromatographic
conditions were: column temperature programmed
from 160 to 280°C at a rate of 4°C/min. Injector and
detector temperatures were 280 and 180°C, respec-
tively. Helium was used as a carrier gas and in-
jections were made splitless. Relative retention in-
dices (RRis) were caculated based on relative
retention to n-alkanes, viz., C,,H,, to be 2000 and
C,oH,, to be 3000. Details regarding the identifica-
tion of individual PCN congeners are given else-
where [1].

2.2. Descriptor generation

Molecular descriptors used in this study were
derived using the program smrtan 5.1 (Wavefunc-
tion, Irvine, CA, USA), Caculated descriptors for
PCN congeners included physicochemical, geometri-
ca and electronic. Molecules were entered and
geometries were fully optimized using the semiem-
pirical quantum chemical method AM1 [18], and
single point calculations were performed to generate
the descriptors. The physicochemical parameter,
octanol—water partition coefficient (log P), was
obtained using the Ghose—Crippen (LOGP-GC) [19]
and the Alkorta and Villar (LOGP-VI) [20] methods.
Electronic descriptors are ranked into two categories,
namely global and local. Global descriptors included
heat of formation (HOF), energy of the highest
occupied molecular orbital (e,oyo), energy of the
lowest unoccupied molecular orbital (e o), the
difference between €,oyo and € o (GAP), maxi-
mum (MAX-OP) and minimum (MIN-OP) elec-
tronic orbital population, zero point vibrational

energy (ZPVE), dipolar moment (DIP), and thermo-
dynamic descriptors (taken at 298.15 K and 1.00
atm; 1 atm=101 325 Pg) vibrational enthalpy (VIB-
H), rotational entropy (ROT-S) and vibrational en-
tropy (VIB-S). Local descriptors included most
negative (MNC) and most positive charge (MPC),
sum of atomic charges for chlorine atoms (SACI)
and maximum and minimum values for atomic
valence, MAX-AV and MIN-AV, respectively.
Geometrical descriptors comprise moment of inertia
1 (MI1), 2 (MI2) and 3 (MI3). Number of chlorines
(NCIl) was included as a topological descriptor.
QSRR models developed using quantum-derived,
physicochemical and geometrical descriptors are
found elsewhere [13,14,21-23].

24. Satigtical analysis

Descriptors and retention data were submitted to
cluster analysis in order to establish preliminary
relationships between variables. Pearson correlation
and between-groups linkage were used as similarity
measure and combining method, respectively [24].
Clusters including more than one variable were
subsequently correlated with the RRis and the de-
scriptor with best correlation was introduced into the
pool submitted to regression. The QSRR equation
was obtained by forward stepwise multiple regres-
sion techniques following the multilinear form:
RRi =a,D, +a,D,+ ...a,D,, where D,;, D, and
D, ae the descriptors and a,, a, and a, the
respective regression coefficients [25]. The best
model was selected based on the multiple square
correlation coefficient (R®), the standard error of
estimation (SE) and the value of F-ratio [21].
Dependence between the number of descriptors and
prediction capacity of the model was calculated
applying the regression coefficient for the degrees of
freedom (R?) using the expression RZ=R*{[p-—
(1-R?]/(n—p—1)], where R is the regression
coefficient, p is the number of descriptors in the
QSRR model and n is the total number of molecules
[26].

2.5. Model validation

The robustness of the regression equation obtained
in this study was evaluated by calculating the cross-
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validated correlation coefficient R? .., [27]. Re-
gression eguations were constructed leaving out a
data point from the data set and calculating the value
for that particular point with the new regression
equation. The set of calculated RRis obtained by this
process was correlated with the observed data to
obtain R ... A similar approach was applied
leaving out sets of 20, 21 and 21 molecules to
calculate an analogue R eqai(2021,21) VAlUE, Which
measure the effect of groups of molecules in the

predictive power of the model. Higher R, ., a@nd

Distance

Rerossval(20.21,21y Values indicate that the model
possesses robustness and prediction capability.

3. Results and discussion

Cluster analysis depicted in Fig. 1 shows the
multiple relationship patterns between the variables
used to develop the QSRR model. It reveals that the
chromatographic retention of PCNs for the DB-5
column is linked to the extent of chlorination in the
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Fig. 1. Dendrogram from cluster analysis of correlation matrix of calculated molecular descriptors and the RRis (DB-5) for polychlorinated

naphthal enes.
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aromatic rings (NCI) as expected for a homologous
series.

Regression equation obtained with selected molec-
ular descriptors, which include NCI, HOF, MAX-AV
and MIN-OP is presented in Table 1. The analysis of
variance showed a dtatistical significance at P<
0.001 for the calculated model, and the R* and SE
values for the regression equation were 0.995 and
16.67, respectively. The t-values revea that the last
two descriptors although do not contribute extensive-
ly to increase the robustness of the model, they
function tuning the prediction power by decreasing
the SE vaue. Rirossval and Rirossval(20,21,21) values
were 0.994 and 0.992, which suggest that the de-
veloped model is suitable to predict the RRis of
PCNs. The high R oeaz021.01) Value also implies
that models developed with structure sets of 20-21
congeners have similar predictive ability to the
regression model made with all the congeners. The
observed and calculated values for RRis of PCN
congeners in the DB-5 column, together with the
values for each one of the descriptors involved in the
model are shown in Table 2. Fig. 2 illustrates a plot
of observed vs. caculated RRi values for al the 62
PCN congeners.

Molecular descriptors included in the regression
equation were non-redundant (R<<0.9) as deduced
from Table 3. Consequently, each descriptor in the
model encodes a particular piece of information.
Moreover, multicollinearity between the descriptors
of the model was checked by calculating their
variation inflation factors (VIF) by using the equa-

Table 1
Best four descriptor QSRR model® for gas chromatography
retention of PCN congenerson a DB-5 column

Descriptor Regression coefficient+standard error
(1) NCI 270.53+3.86 (70.00)"

(2) HOF 15.11+0.95 (15.87)

(3) MAX-AV 18003.90+1819.79 (9.89)

(4) MIN-OP —2525.58+469.58 (5.38)

Intercept® —72636.75+7093.14

*RRi=aD, +bD, +..cD,. RRi: relative retention indices
taken for a DB-5 column. &, b, c: regression coefficients; D,, D,,
D,: molecular descriptors.

®t-Values for the regression terms are given in parenthesis.

°R?=0.995, R?=0.925, F =3119.70, SE=16.67, P<0.001,
n=62.

tion VIF=(1— R®), where R is the multiple correla-
tion coefficient obtained after each descriptor has
been submitted to linear regression against each
other [28]. The average VIF for the four descriptors
was 3.10 (range 1.67-4.04), which suggests that
multicollinearity was not associated with the selected
descriptors.

As expected, the main descriptor for the prediction
of the gas chromatographic retention of PCNs in a
DB-5 column as deduced from the t-statistics was
the number of chlorine atoms, similar to that ob-
served for other homologous series of compounds
such as polychlorinated dibenzofurans [29]. NCl is a
topological descriptor which encodes information
about molecular size, electron number and polar-
izability [30], and not surprisingly it accounts for
most of the variation in the RRis of PCNs on a DB-5
column (R=0.981). Partial correlation controlling
for NCI reveals that without considering the degree
of chlorination, chromatographic retention is highly
correlated with HOF (R=0.697, P=0.000) and
MIN-OP (R=0.570, P=0.000). This suggests that
the retention of PCNs in the DB-5 column not only
involves molecular size but also isomer-specific
electronic interactions with the stationary phase.

A model containing only NCI and HOF as molec-
ular descriptors can predict RRis of PCNs with a
R°=0.980 and SE=33.69. HOF is a quantum
chemical index obtained by subtracting atomic heats
of formation from the binding energy. HOF was
correlated with €,5yo (R=0.949). € om0 IS @ Mmea-
sure of the energy demand of removing an electron
from the molecule, which is proportional to the
electron releasing abilities of the compounds. From
the molecular orbital theory of chemica reactivity,
transition states are formed during interaction be-
tween LUMO (electron acceptor) and HOMO (elec-
tron donor) of reacting species [31]. This orbital-type
donor—acceptor interaction can lead to the formation
of charge transfer complexes [32] between PCNs and
the stationary phase. €, has been found to be an
important descriptor for the chromatographic sepa-
ration of amines [33].

MAX-AV is avalency-derived descriptor encoding
information related to spatia electronic distribution
in a particular carbon within PCNs. Valency is a
measure of the extent of electron sharing between
various atomic centres. As a result, molecular orbital
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Table 2
Observed and calculated RRis for PCNs in a DB-5 column and descriptors included in the QSRR model
Molecule RRis NCI HOF MAX-AV MIN-OP
Observed Calculated
Trichloronaphthalenes
1,3,6-Trichloronaphthalene 1759 1780 3 21.46 3.953 0.836
1,3,5-Trichloronaphthalene 1761 1767 3 22.87 3.951 0.836
1,3,7-Trichloronaphthalene 1769 1784 3 21.54 3.953 0.836
1,4,6-Trichloronaphthalene 1772 1763 3 22.58 3.951 0.838
1,2,4-Trichloronaphthalene 1776 1780 3 24.21 3.951 0.834
1,2,5-Trichloronaphthalene 1796 1806 3 23.82 3.951 0.845
1,2,6-Trichloronaphthalene 1802 1826 3 22.48 3.953 0.846
1,2,7-Trichloronaphthalene 1812 1811 3 22.61 3.954 0.838
1,6,7-Trichloronaphthalene 1812 1801 3 22.70 3.953 0.836
2,3,6-Trichloronaphthalene 1819 1821 3 21.46 3.954 0.845
1,2,3-Trichloronaphthalene 1827 1855 3 24.41 3.953 0.845
1,3,8-Trichloronaphthalene 1842 1841 3 26.98 3.952 0.836
1,4,5-Trichloronaphthalene 1852 1846 3 28.52 3.950 0.845
1,2,8-Trichloronaphthalene 1896 1897 3 28.58 3.952 0.846
Tetrachloronaphthalenes
1,3,5,7-Tetrachloronaphthalene 1911 1941 4 16.82 3.951 0.834
1,2,4,6-Tetrachloronaphthalene 1950 1949 4 17.78 3.951 0.832
1,2,4,7-Tetrachloronaphthalene 1950 1947 4 17.80 3.951 0.832
1,2,5,7-Tetrachloronaphthalene 1950 1956 4 17.77 3.951 0.834
1,3,6,7-Tetrachloronaphthalene 1970 1977 4 16.54 3.953 0.834
1,4,6,7-Tetrachloronaphthalene 1974 1957 4 17.65 3.951 0.834
1,2,5,6-Tetrachloronaphthalene 1993 1981 4 18.67 3.950 0.844
1,3,6,8-Tetrachloronaphthalene 1993 2014 4 20.84 3.952 0.834
1,2,3,5-Tetrachloronaphthalene 2000 1983 4 19.28 3.952 0.833
1,3,5,8-Tetrachloronaphthalene 2000 2003 4 22.46 3.950 0.834
1,2,3,6-Tetrachloronaphthalene 2006 2020 4 17.87 3.953 0.843
1,2,3,7-Tetrachloronaphthalene 2017 2010 4 17.97 3.954 0.837
1,2,3,4-Tetrachloronaphthalene 2018 2026 4 21.04 3.950 0.850
1,2,6,7-Tetrachloronaphthalene 2018 1995 4 17.56 3.954 0.834
1,2,4,5-Tetrachloronaphthalene 2029 1997 4 23.73 3.949 0.832
2,3,6,7-Tetrachloronaphthalene 2034 2015 4 16.45 3.954 0.844
1,2,4,8-Tetrachloronaphthalene 2038 2021 4 24.30 3.950 0.832
1,2,5,8-Tetrachloronaphthalene 2052 2049 4 23.96 3.950 0.843
1,2,6,8-Tetrachloronaphthalene 2052 2043 4 22.38 3.952 0.834
1,4,5,8-Tetrachloronaphthalene 2086 2057 4 29.69 3.946 0.842
1,2,3,8-Tetrachloronaphthalene 2101 2093 4 24.01 3.952 0.844
1,2,7,8-Tetrachloronaphthalene 2114 2100 4 24.07 3.953 0.844
Pentachloronaphthalenes
1,2,3,5,7-Pentachloronaphthalene 2145 2162 5 13.37 3.952 0.831
1,2,4,6,7-Pentachloronaphthalene 2145 2149 5 12.98 3.951 0.831
1,2,4,5,7-Pentachloronaphthalene 2168 2183 5 17.84 3.949 0.830
1,2,4,6,8-Pentachloronaphthalene 2178 2204 5 18.38 3.950 0.830
1,2,3,4,6-Pentachloronaphthalene 2186 2172 5 14.74 3.951 0.835
1,2,3,5,6-Pentachloronaphthalene 2190 2163 5 14.27 3.951 0.831
1,2,3,6,7-Pentachloronaphthalene 2217 2198 5 13.07 3.954 0.833
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Table 2. (Continued)

Molecule RRis NCI HOF MAX-AV MIN-OP
Observed Calculated
Pentachl oronaphthalenes (Continued)
1,2,4,5,6-Pentachloronaphthalene 2227 2206 5 19.29 3.949 0.830
1,2,4,7,8-Pentachloronaphthalene 2235 2231 5 19.96 3.950 0.830
1,2,3,5,8-Pentachloronaphthalene 2243 2232 5 19.64 3.950 0.830
1,2,3,6,8-Pentachloronaphthalene 2243 2247 5 17.98 3.952 0.833
1,2,4,5,8-Pentachloronaphthalene 2261 2249 5 25.04 3.947 0.830
1,2,3,4,5-Pentachloronaphthalene 2275 2271 5 21.38 3.949 0.845
1,2,3,7,8-Pentachloronaphthalene 2309 2301 5 19.63 3.953 0.842
Hexachl oronaphthal enes
1,2,3,4,6,7-Hexachloronaphthalene 2378 2370 6 10.02 3.951 0.831
1,2,3,5,6,7-Hexachloronaphthalene 2378 2368 6 9.98 3.951 0.830
1,2,3,4,5,7-Hexachl oronaphthalene 2405 2428 6 15.58 3.950 0.831
1,2,3,5,6,8-Hexachloronaphthalene 2405 2420 6 15.09 3.950 0.829
1,2,3,5,7,8-Hexachloronaphthalene 2415 2443 6 15.72 3.951 0.829
1,2,4,5,6,8-Hexachloronaphthalene 2425 2449 6 20.84 3.947 0.829
1,2,4,5,7,8-Hexachloronaphthalene 2425 2453 6 22.03 3.946 0.828
1,2,3,4,5,6-Hexachloronaphthalene 2472 2474 6 17.09 3.950 0.840
1,2,3,4,5,8-Hexachl oronaphthalene 2493 2508 6 22.54 3.947 0.840
1,2,3,6,7,8-Hexachloronaphthalene 2505 2504 6 15.32 3.953 0.840
Heptachloronaphthalenes
1,2,3,4,5,6,7-Heptachloronaphthalene 2694 2663 7 12.93 3.950 0.828
1,2,3,4,5,6,8-Heptachloronaphthalene 2694 2692 7 18.40 3.947 0.828
valency has high values for strongly bonding molec- in the model; however, it has reduced the standard

ular orbitals [34]. The small t-statistics value for error of the estimate from 20.29 to 16.67. MIN-OP is
MIN-OP shows that it is a less important descriptor collinear with MIN-AV (R= 1), an indicator of the
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Fig. 2. Plot of calculated RRi vs. observed RRi values for the four-descriptor equation.



J. Olivero, K. Kannan / J. Chromatogr. A 849 (1999) 621-627 627

Table 3

Correlation matrix for the descriptors used in the QSRR model®
NCI HOF MAX-AV MIN-OP

NCI 1.00

HOF —0.609 1.000

MAX-AV —0.492 —0.188 1.000

MIN-OP —0.538 0.473 0.324 1.000

®Number of data=62.

valency of hydrogens atoms. Katritzky et al. [17]
have reported that MIN-AV was the second most
important descriptor in the prediction of GC re-
tention times of different types of organic com-
pounds, and related its presence to the formation of a
hydrogen bond between the compound and the
stationary phase. In general, both MAX-AV and MP-
LOW can account for unspecific weak electronic
interactions between the PCN congeners and the
stationary phase in which the roles of donor—accep-
tor are interchangeable on the area of interaction.

In conclusion, the GC retention of PCNs isomers
in DB-5 column may be predicted with good accura-
cy using the chlorine number and three electronic
descriptors. The electronic descriptors involved in
the retention phenomena suggest that specificity at
isomer level discrimination may be due to PCN—
stationary phase interactions including the formation
of electron charge transfer complexes and weak
hydrogen bond-type interactions.
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