
1 
 

Potential of topological descriptors to model the retention of 1 

polychlorinated biphenyls in different gas chromatography 2 

stationary phases, including ionic liquid-based columns 3 

 4 

J. Escobar-Arnanz, M.L. Sanz, M. Ros, J. Sanz, L. Ramos* 5 

 6 

1Department of Instrumental Analysis and Environmental Chemistry, IQOG-CISC, Juan 7 

de la Cierva 3, 28006 Madrid, Spain 8 

 9 

 10 

 11 

*Corresponding author: L. Ramos (l.ramos@iqog.csic.es) 12 

Phone: +34 91 5622900 13 

Fax: +34 91 5644853 14 

  15 



2 
 

Abstract  16 

The aim of this study was to develop a statistical model based on a set of intuitive topological 17 

descriptors that will help to determine the influence of the polychlorinated biphenyls (PCBs) 18 

structural features on the chromatographic behavior of these analytes in a variety of gas 19 

chromatographic stationary phases, including the highly polar ionic liquid (IL)-based SLB-IL76 20 

and SLB-IL60 columns. The model was developed using the stepwise multiple linear regression 21 

method, and constructed through several levels of increasing complexity to make evident the 22 

relative influence of the selected descriptors. 23 

The proposed model was easy to implement and provided similar satisfactory results 24 

irrespective of the dependent variables used (i.e., retention index or retention time) or the 25 

chromatographic conditions applied (i.e., pseudo-isotherm and programmed temperature) for 26 

IL-based phases. The model also allowed the correct prediction of the elution order of selected 27 

PCBs in these and other less polar phases evaluated (i.e., SW-10, DB-17, ZB-5 and HT-8). To our 28 

knowledge, this is the first models based on topological descriptors described in the literature 29 

that provided a satisfactory fitting of the PCB behavior in IL-based phases. Our results 30 

indicated that the mechanism governing the chromatographic separation of PCBs in these 31 

highly polar columns showed significant differences compared with those observed in other 32 

less polar stationary phases. 33 

 34 

Keywords: Gas chromatography; Ionic liquid stationary phases; Topological descriptors; 35 

Polychlorinated biphenyls 36 
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1. Introduction 38 

Polychlorinated biphenyls (PCBs) are contaminants regulated by the Stockholm convention 39 

due to their persistence, toxicity, potential for bioaccumulation, biomagnification, and 40 

capability for long-range transport [1]. Up to 209 PCB isomers are possible. Their individual 41 

physico-chemical properties depend on their chemical structure and have been related with 42 

the number of chlorine atoms and their substitution patterns on the biphenyl through 43 

different mathematical models [2-4]. 44 

Retention in gas chromatography (GC) is the result of the partitioning process of the analyte 45 

between the mobile and stationary phases. This process depends on experimental conditions 46 

of the elution and on the column geometry but, for a given phase, it is basically determined by 47 

the molecular structure of the solute. Statistical studies on the relationship between the GC 48 

retention behavior of PCB congeners and their chemical structure have used, among others, 49 

topological [5-7], quantumchemical [8] and electrotopological parameters [9] as descriptors of 50 

these analytes structure. In most cases, PCB retention times (tR) [8], relative retention times [9, 51 

10] and retention indices (I) [9, 11] have been used as dependent variables to be predicted. 52 

Some studies have demonstrated the feasibility of relatively complex parameters describing 53 

the electronic spatial distribution of the PCBs molecule [9, 12, 13] for such evaluations. 54 

However, the practical use of these approaches is somehow limited since high accuracy 55 

predictions are required due to the high number of PCB congeners and the common presence 56 

of close eluting and coeluting isomers, even under carefully optimized chromatographic 57 

conditions [14]. On the other hand, the use of structural parameters considers simple 58 

descriptors, such as number and position of chlorine atoms [5] or topological descriptors. In 59 

these cases, while a high number of structural parameters allows a better description of the 60 

structure of the congeners, the highest probability of correlations among descriptors 61 

decreases the significance of the contribution of these parameters at the fit, and increases the 62 

probability of an apparently good fit accuracy being the result of random causes. 63 

A less frequent objective has been the study of chromatographic interactions between PCBs of 64 

different structures and GC stationary phases with comparative purposes. In this case, 65 

although the accuracy of the estimated results should rule the fitting process, the selection of 66 

the retention descriptors should take into account their statistical significance. This approach 67 

should allow to compare how the PCBs structural characteristics affect their interaction with 68 

different chromatographic stationary phases, as recently illustrated by Li. et al. in a close-69 

related study involving PCBs as test compounds but less polar stationary phases than those 70 

considered in the present study [15]. 71 
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The main objective of this work was the comparison of the estimated contributions of simple 72 

structural PCB descriptors to the GC retention in six stationary phases with different chemical 73 

compositions and polarities, in order to evaluate the selectivity of each phase toward groups 74 

of compounds sharing a specific substructure. A series of models of increasing complexity has 75 

been proposed, in which new descriptors are introduced based on their statistical significance. 76 

The proposed model was evaluated under different experimental conditions, i.e. pseudo-77 

isotherm and programmed temperature, and with different dependent variables, i.e. tR and I; 78 

and finally used to predict, the chromatographic behavior of PCBs in a variety of stationary 79 

phases, including, for the first time, IL-based phases.  80 

 81 

2. Materials and methods 82 

2.1. Chemicals and materials 83 

A stock working solution containing 57 PCBs (PCBs 18, 28, 31, 33, 45, 47, 52, 55, 66, 74, 77, 80, 84 

81, 84, 91, 95, 99, 101, 110, 114, 118, 119, 122, 123, 124, 128, 129, 131, 132, 135, 136, 139, 85 

141, 144, 149, 155, 157, 164, 167, 170, 171, 173, 174, 175, 176, 178, 180, 183, 187, 189, 190, 86 

194, 196, 197, 201, 202 and 206) was prepared from individual standards and PCB mixtures 87 

acquired from Dr. Ehrenstorfer (Ausburgo, Germany) at a concentration level of 10 ng µL-1 in 88 

isooctane (Pestipur®, Carlo Erba, Val-de Reuil, France). Selected PCB isomers included the 89 

seven priority pollutants, the twelve toxic congeners, and their most significant coeluting 90 

isomers on the GC columns typically used for their routine determination in monitoring studies 91 

(i.e., DB-5 and HT-8 type stationary phases). The model mixture also included other 92 

environmentally relevant PCB isomers (i.e. those with a weight percent contribution above 1% 93 

in Aroclor 1260 [16], with a few exceptions not commercially available at the time of study). 94 

Seven extra PCBs (PCBs 105, 126, 138, 153, 156, 169, and 200) were used as validation set 95 

once the model was developed. As a whole, the selected congeners covered all chlorination 96 

degrees from tri- to nona-chloro-substituted isomers and a variety and representative patterns 97 

of chlorination. The deca-CB 209 was not included in the test mixture because preliminary 98 

studies demonstrated that it eluted at much longer retention times and completely separated 99 

from all other test congeners in all investigated phases [14, 17]. 100 

A standard solution of n-alkanes (from C19 to C40) was prepared from individual standard 101 

components acquired from Alta Scientific Co. Ltd (Tianjin, China) and used to calculate the I 102 

values.  103 
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Six commercial GC stationary phases covering a wide range of polarities and chemical 104 

compositions were used in the study (Table 1). SLB-IL76 and SLB-IL60 were kindly provided by 105 

Sigma Aldrich (Bellefonte, USA); both columns had similar dimensions of 30 m, 0.25 μm, 0.20 106 

μm film thickness. These stationary phases were selected on the base of previously 107 

demonstrated satisfactory performance for the analysis of complex mixtures of PCBs [17]. 108 

Supelcowax-10 [SW-10; poly(ethylene glycol); Supelco, Bellefonte, PA, USA], DB-17 (50%-109 

phenyl methylpolysiloxane; Agilent Technologies, Palo Alto, CA, USA), ZB-5 (5%-phenyl 110 

dimethylpolysiloxane; Phenomenex, Torrance, CA, USA) and HT-8 (8% phenyl (equiv.) 111 

polycarborane-siloxane; SGE, Darmstadt, Germany) were used to cover a variety of polarities 112 

and chemical compositions. All these less polar columns had similar dimensions of 30 m, 0.25 113 

mm, 0.25 µm film thickness. 114 

 115 

2.2. Gas chromatography analysis 116 

 An Agilent 7890 GC system (Agilent Technologies, Palo Alto, CA, USA) coupled to a 117 

5975C quadrupole mass spectrometer detector (GC-qMS) operated in the electron impact (EI) 118 

mode at 70 eV was used for initial confirmation of the PCB elution order on the SLB-IL60 119 

stationary phase and, whenever necessary, for all other stationary phase investigated. In GC-120 

qMS analyses, He was used as carrier gas (constant flow, 1.2 mL min-1), the qMs was operated 121 

in the SCAN mode (m/z, 40-500) and the temperatures of the transfer line, ion source and 122 

quadrupole were set at 200 °C, 230 °C and 150 °C, respectively. All other analyses were 123 

performed on an Agilent 6890GC (Agilent Technologies) equipped with an Agilent 7683A Series 124 

autosampler and an electron-capture micro-detector system (GC-µECD). In GC-µECD analyses, 125 

nitrogen was used as carrier gas (constant flow, 1.1 mL min-1) and make-up gas (30 mL min-1), 126 

and the µECD detector was maintained at 300 °C. In all instances, injections were performed in 127 

the hot splitless mode at 250 °C (1 µL; splitless time, 1 min). 128 

On the basis of our previous experience regarding the use of SLB-IL columns for PCB analysis 129 

[17], the basic GC oven temperature program was set as follow: starting oven temperate, 85 °C 130 

(2 min), then to 170 °C at a rate of 12 °C min-1, then to 240 °C at 3 °C min-1, and then to 250 °C 131 

at 1.5 °C min-1. This temperature program was applied to all investigated phases with only 132 

minor modifications, i.e., the final temperature was set at 265 °C for SLB-IL76, SW-10 and HT-8; 133 

at 275 °C for DB-17, and at 290 °C for ZB-5. 134 

For the calculation of the I values of PCBs in the SLB-IL60 column, a slightly modified 135 

temperature program was applied. The pseudo-lineal temperature program applied in this part 136 

of study included a slow intermediate ramp at the time the PCBs eluted from the column, and 137 
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was set as follows: initial oven temperature, 85 °C (2 min), then to 190 °C at a rate of 12 °C 138 

min-1, and then to 240 °C at 2 °C min-1.  139 

Data were acquired and processed using the ChemStation software (Agilent). 140 

 141 

2.3. Statistical model 142 

Statistical analyses were carried out using the Statistical 7 software (Statsoft, Tulsa, Oklahoma, 143 

USA) [18]. Multiple linear regression was used to estimate the contribution of different 144 

descriptors in model (see Eq. 1 bellow). Models were validated from the significance (p value) 145 

of variables considered. The multiple correlation coefficient (r) was used as a measure of the 146 

fit quality (minimum quality required, r=0.99) of the evaluated model for the different 147 

stationary phases considered in the study. Meanwhile, the standard error of the estimate (Sest) 148 

was used to compare the fit of the different assayed models to retention data from the same 149 

column. Colinearity was avoided by a careful selection of the descriptors included in the 150 

different models. The possibility of overfitting was detected by the use of the stepwise 151 

regression method. The residual error (RE) threshold was set at 1 min when considering tR 152 

estimation, and at 50-60 units for I estimation, since the main aim of our study was not the 153 

accurate prediction of the analyte retention but the evaluation of the main structural 154 

parameters affecting such a retention on the different stationary phases. Final validation of the 155 

proposed model was carried out through prediction of the tR for the seven PCBs included in 156 

the validation set and the comparison of the estimated tR and elution orders with those 157 

obtained experimentally. 158 

 159 

2.4. Topological descriptors  160 

Since the backbone of the chemical structure of PCBs is a biphenyl, the properties of isomers, 161 

including their GC retention, must depend on the number and position (relative or absolute) of 162 

their chlorine substitutions. Considering the model proposed in Eq. 1, where the Rxj is the 163 

dependent variable and corresponded to the retention (tR or I) of the compound ´x´ in the 164 

stationary phase ´j´, dix is the topological descriptor ´i´ for the compound ´x´, and cij is the 165 

contribution of that descriptor to the model; descriptors defining the PCB structures can be 166 

proposed with different levels of detail, yielding models of increasing complexity: 167 

Rxj = ∑dix cij   (Eq. 1) 168 
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Model 1: Total number of chlorine substitutions (nClx). The PCB molecular size and weight 169 

depend directly on the total number of chlorine substituents. The GC retention of PCB 170 

congeners is strongly related to their respective vapour pressure and, consequently, to their 171 

molecular weight. 172 

Model 2. Absolute position of the chlorine substituents in the phenyl rings (i.e., SumO, SumM 173 

and SumP, corresponding to the total number of ortho-, meta- and para-substitutions, 174 

respectively). Each phenyl of the biphenyl have five different positions for chlorine substitution 175 

which, by symmetry, are reduced to three positions relative to the phenyl-phenyl bond (ortho-, 176 

meta- and para-). The molecular shape of PCBs depends on the chlorine substitutions in these 177 

positions. 178 

Model 3. Relative position of pairs of the chlorine substituents in the phenyl rings (Cl0Cl, Cl1Cl, 179 

Cl2Cl and Cl3Cl; see Figure S1 of the Supplementary Information, SI, for a graphical description 180 

of these descriptors. The Cl3Cl descriptor corresponded to a chlorine pair with relative meta-181 

substitution but separated by the phenyl-phenyl bond and, therefore, it is considered different 182 

from the Cl1Cl descriptor.) Model 2 does not explain the changes observed in the PCB 183 

retentions associated to differences in the relative position of the chloro-substituents within 184 

the same phenyl ring. The chlorine substituents can affect the electronic distribution of the 185 

phenyl unit either by inductive effect (the electron withdrawing) or by the resonance effect 186 

(the electron exchange). Although the respective extension of these two effects cannot be 187 

estimated from purely topological considerations, the number of chlorine substitutions and 188 

their distribution pattern in the phenyl unit for each particular PCB have an effect on the 189 

electronic distribution of the phenyl unit and should consequently be considered. This model 190 

considers the presence and relative position of chlorine pairs in the phenyl rings. Nevertheless, 191 

multiple substitutions (i.e., 1, 2, 3, 4, or 5 chlorines in the same phenyl) cannot be described as 192 

an additive function of the pairs of chlorine atoms present in that phenyl unit. 193 

Model 4. A composed model integrating previous models 1, 2 and 3 will present collinearity 194 

among variables, which can only be avoided by selecting an individual descriptor that provided 195 

an unequivocal identification of each PCB isomer based on the chlorine substitution pattern 196 

for each of its phenyl rings. In this approach, similar chlorine substitutions in the phenyl rings 197 

will be equally considered by symmetry (e.g., the substitution 2,3,5- is considered equivalent 198 

to the 2',3',5'-substitution in the other ring).  199 

Model 5. Chlorine substitutions in an ortho position of the phenyl unit can have an additional 200 

effect on retention, especially when there are also other chlorine atoms in a similar position in 201 
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the other phenyl unit. Only PCBs without or with only one chlorine atom in ortho position 202 

adopt a planar configuration, while for congeners with three or four chlorines in these 203 

positions rotation around the phenyl-phenyl bond is not possible due to steric hindrance [19]. 204 

Thereby, ortho-descriptors defining the ortho substitutions of the phenyls were incorporated 205 

to the model. Meanwhile, di-ortho-CBs required different descriptors to be defined depending 206 

on whether the chlorine substitutions were located in the same or in different phenyl rings. 207 

In this study, models 1, 2 and 3 were used for preliminary evaluation of the relative influence 208 

of simple structural features of PCBs on their GC retention. Meanwhile, models 4 and 5 afford 209 

better fit quality for models and a higher significance of the descriptor variables, so allowing 210 

both the comparison of results obtained in the same stationary phase, and those found for 211 

different stationary phases. As defined, descriptors considered in this study are categorical and 212 

additive. This allowed transforming the model in an equivalent expression in matrix form, in 213 

which a particular descriptor takes a value of 0 when it did not define the structure of a 214 

specific PCB congener, and a value of 1 when it described the molecular structure of that 215 

particular PCB. Substitution pattern of the 57 PCBs included in the training set and the values 216 

of their corresponding descriptors at each model level are summarized in Table S1 of the SI. 217 

 218 

3. Results and discussion 219 

In a previous study on the evaluation of six IL-based GC capillary columns from the SLB-IL series 220 

for the analysis of environmentally relevant PCBs, we concluded that the stationary phases 221 

providing the most promising results were SLB-IL76 and, in particular, SLB-IL59 [17]. Recently, 222 

the SLB-IL60 phase was introduced as a deactivated version of SLB-IL59 with improved thermal 223 

stability [20, 21]. Initial assays carried out with the SLB-IL60 phase confirmed that its selectivity 224 

for PCBs was similar to that observed for SLB-IL59 (i.e., the elution order of the investigated 225 

PCBs was similar in both phases), but SLB-IL60 showed improved thermal and mechanical 226 

stabilities. Therefore, the SLB-IL60 phase was selected for the present study. Figure S.2 of the 227 

SI shows the typical GC-qMS PCB chromatogram obtained with SLB-IL60 under optimized 228 

chromatographic conditions. The experimentally determined tR of the studied PCB congeners 229 

in this and the rest of the investigated stationary phases are summarized in Table S.2 of the SI. 230 

These data were used to evaluate the relative relevance of the different descriptors used to 231 

construct the retention models described in Section 2.4. 232 

Preliminary studies were carried out to determine the feasibility of different types of 233 

descriptors to predict the elution order of the investigated PCBs in a SLB-IL60 column. In these 234 
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experiments, tR was used as dependent variable. Robbat et al. [5] reported satisfactory results 235 

when using molecular connectivity indices (MCI) to predict the retention of PCBs on a DB-5 236 

column (r=0.999). However, the application of MCIs of increasing order (data kindly provided 237 

by Prof. Sabljic [11]) to the PCB retention data obtained using a SLB-IL60 did not provide 238 

satisfactory results. Low values of Pearson correlation coefficient (maximum r-values, 0.963) 239 

were obtained, indicating a low correlation between the variables and leading to discard the 240 

use of MCI as descriptors. The use of variable related to the PCBs physico-chemical properties 241 

(i.e., dipole moment; data kindly provided by Dr. B. Herradón, Institute of Organic Chemistry, 242 

IQOG-CSIC, Madrid, Spain) as descriptors did not provide better results either (r<0.97) for this 243 

highly polar stationary phase. The unsatisfactory results obtained in these preliminary assays, 244 

the relative complexity of the construction of these models and the difficulty of the 245 

interpretation of the results obtained made us to switch to the definition of a simpler 246 

prediction model based on structural descriptors following the multi-step approach described 247 

in Section 2.4. The results obtained are described in following sections.  248 

3.1. Model development 249 

3.1.1. Model 1. Total number of chlorine substitutions in the biphenyl 250 

The simplest structure-retention model for PCBs is described by Eq. 2, where the retention of a 251 

PCB congener ´x´ on the stationary ´j´ (Rxj) is related to the total number of chlorine atoms in 252 

the molecule (nClx), and cClj being the contribution of this descriptor to the retention of that 253 

congener on phase ´j´. The intercept (b0j) represents the contribution of the biphenyl to the 254 

retention on phase ´j´.  255 

Rxj = nClx cClj + b0j  (Eq. 2) 256 

This model describes a linear relationship between the total number of chlorines on the PCB 257 

congener and its chromatographic retention, and it does not take into consideration the 258 

distribution of chlorines in the molecule. This is confirmed by the absence of curvature 259 

observed when residuals were represented against retention data (data not shown). This 260 

model assumed the same retention for all PCBs having the same molecular weight and it did 261 

not explain the experimentally observed retention selectivity between PCB isomers. The cCl 262 

and b0 values calculated for the six investigated columns are summarised in Table S3 of the SI. 263 

Although this model was too simple for our purpose, its fit had a quality of similar magnitude 264 

to other previously assayed electrotopological parameters (i.e., MCI and dipolar moment) for 265 

the less polar phases investigated. However, the fit quality of this model decreased sharply as 266 

the polarity of the stationary phases increased, and it was low for IL-based phases, for which a 267 
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number of analyte-phase interactions is expected. In any case, the fit quality was below the set 268 

threshold (r=0.99) for all evaluated stationary phases, which led us to define the next model. 269 

 270 

3.1.2. Model 2. Absolute position of chlorine substitutions in the phenyl rings 271 

The relative position of the chlorine substitutions in the phenyl ring (i.e., ortho-, meta- and 272 

para-substitution) affects certain PCBs properties, such as the shape and size of the molecule, 273 

which play an important role in their chromatographic retention. This second model took into 274 

account the position of the chlorine substituents in the two phenyl rings as described by Eq. 3, 275 

where oClx, mClx, and pClx are, respectively, the number of chlorine atoms in positions ortho-, 276 

meta- and para- in the PCB congener ´x´. The terms coj, cmj and cpj are, respectively, the 277 

contributions of these three descriptors to the retention of that specific PCB on phase ´j´. 278 

Again, the intercept (b0j) represents the contribution of the biphenyl to the retention on the 279 

stationary phase ´j´.  280 

Rxj = ∑oClx coj + ∑mClx cmj + ∑pClx cpj + b0j  (Eq. 3) 281 

This model assumes that the contribution of the chlorines at these positions in a phenyl ring to 282 

the analyte retention is not affected by the presence of other chloro-substituents in the other 283 

phenyl ring. The results of fitting this model to the six evaluated columns are shown in Table S4 284 

of the SI. For all stationary phases, the highest contributions corresponded to the cpj 285 

descriptor, while the coj contributions had the smallest values. The significance of these three 286 

descriptors in the fit was high (p values below 0.05 in the six stationary phases), but the 287 

calculated r values were still below the set threshold of 0.99 (in the range 0.986-0.887, with 288 

the smallest values corresponding to the most polar stationary phases evaluated). In any case, 289 

and despite its simplicity, this model evidenced the significance of these positional descriptors 290 

when constructing predictive models for PCBs. This observation agreed with previously 291 

reported results concerning the modelling of the chromatographic behaviour of PCBs [5, 6, 22] 292 

and other classes of halogenated compounds [10] in conventional GC stationary phases.  293 

 294 

3.1.3. Model 3. Relative position of the pairs of chlorine substituents in the phenyl rings 295 

As already mentioned, chlorine atoms can affect the electronic distribution of the phenyl unit 296 

by either inductive or resonance effects. These effects can increase when the chlorines are in 297 

neighboring positions of the phenyl unit [22], and were not considered by model 2. However, 298 

they could be included in model 1 by defining an additional descriptor related to the number 299 



11 
 

of chlorine pairs on two neighbouring carbons of the phenyl ring, i.e. term Cl0Clx in Eq. 4. Table 300 

S5 of the SI shows the results obtained when applying this new model to the retention data 301 

obtained for the six evaluated columns, and evidenced the expected increase in the quality of 302 

the model when compared with the results provided by model 1 (Table S3 of the SI). These 303 

findings would agree with Sabljic´s observations [11] regarding the relevance of combining 304 

global (nClx) and local descriptors (Cl0Clx) to correctly describe the GC retention of somehow 305 

structurally related molecules, i.e. polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs). 306 

However, in our case, the use of the stepwise regression indicated that, for the six evaluated 307 

columns, the term cCl0Cl, denoted as cCl0 for the sake of simplicity, had more importance in the 308 

prediction than the total number of chlorine atoms. In fact, the relative contribution of the 309 

total number of chlorine atoms decreased as the polarity of the stationary phases increased, 310 

showing a negative contribution in both ILs-based columns. The use of Cl0Clx as a single 311 

descriptor (Eq. 5) resulted in the fitting values shown in Table S6 of the SI, which were only 312 

slightly worse than those provided by Eq. 4. 313 

Rxj = nClx cClj + nCl0ClX cCl0j + b0j  (Eq. 4) 314 

Rxj = nCl0ClX ·cCl0j + b0j  (Eq. 5) 315 

Following the implications of these observations, parameters describing other possible relative 316 

positions of the chlorine pairs in the phenyl ring were introduced in the model, in particular, 317 

those corresponding to two chlorines separated by one (Cl1Cl), two (Cl2Cl) or two plus the 318 

phenyl-phenyl bond (Cl3Cl) carbon atoms. This new model was described by Eq. 6: 319 

Rxj = nClx cClj +  nClyCl ·cClyj + b0j   (Eq. 6) 320 

Table S7 of the SI shows an additional improvement of the fit compared with previous models 321 

but, probably the comparison among the results obtained for the IL-based phases and those 322 

found for more conventional (i.e., less polar) phases was more interesting at this point. The 323 

presence of two neighboring chlorine atoms (Cl0Cl) appeared to have a positive effect on the 324 

analyte retention in all columns, while the effect of other pairs was negative. For IL-based 325 

phases and SW, the descriptor Cl0Cl had more importance in the fit of the model (p value 326 

>0.05) than that describing the total number of these atoms. However, the opposite trend was 327 

observed for more conventional (i.e., less polar) phases, DB-17, ZB-5 and HT-8. This result 328 

could be associated with the expected increase of the electron withdrawing on the phenyl unit 329 

for PCB congeners containing neighboring chlorine atoms [22], which can yield an increase of 330 

the solute-stationary phase interactions for polar phases, resulting in longer tR for these 331 
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congeners. In less polar phases (i.e., DB17 and ZB5 and HT-8), the magnitude of the dispersion 332 

forces that govern the retention mechanism of the target analytes in these phases increases 333 

with the total number of chlorine atoms [22] which, as indicated, seemed to explain the high 334 

relative contribution of this descriptor to the fit of these phases. As a further illustration of this 335 

result, Table S8 of the SI shows the change observed for the coefficients of the descriptors at 336 

each step when introduced in the regression equation calculated for DB-17 and IL60 as two 337 

representative examples. Although the relationship between the PCB retention and the 338 

number of neighboring chlorine atoms in the PCB molecule was higher in less polar phases 339 

(like DB-17) than in IL-based columns, the incorporation of the descriptor corresponding to the 340 

total number of chlorine atoms improved the fit, but markedly decreased the contribution of 341 

these descriptors (see results for DB-17 in Table S8). However, in IL-based phases columns 342 

(e.g., SLB-IL60 in Table S8), the contribution of the nClx descriptor was less important and 343 

appeared to have a negative influence in the fit. 344 

 345 

3.1.4. Model 4. Relative position of the pairs of chlorine substitutions in the same phenyl 346 

ring 347 

Despite their simplicity, the models defined in previous sections presented some collinearity 348 

problems. Collinearity can be circumvented by removing from the model those variables 349 

having a linear or close to linear relationship with other model descriptors. However, this step 350 

assigns a zero value to the contribution of the removed descriptor(s), so promoting marked 351 

changes in the calculated contributions of related descriptors, and hindering the interpretation 352 

of their physical meaning. An alternative approach is the use of the chlorine pattern 353 

substitution in a phenyl ring as descriptor. For a given PCB congener, this substitution pattern 354 

in each phenyl ring is unequivocally related with the PCB structure and with its vapour 355 

pressure, and avoids the previously observed collinearity among descriptors [7, 23]. This 356 

regression model is described by Eq. 7, where nPx1 and nPx2 represents the chlorine 357 

substitution pattern on each phenyl ring and cp is the contribution to retention on phase ´j of 358 

the corresponding chlorine pattern. 359 

Rxj = nPx1 cpj + nPx2 cpj + b0j  (Eq. 7) 360 

However, the application of this model involved 19 topological descriptors (Table S.1), which is 361 

a number relatively high compared with that of experimental PCB data used in the present 362 

study. This could result in artificially high values of the fit quality (Table S9 of the SI), something 363 

that prevents from direct comparison with previously evaluated models [7]. For this reason, in 364 

this section, the values and significance of the descriptor contributions were used for results 365 
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discussion instead of the fit quality. On the other hand, it should be noted that, due to their 366 

pure structural nature, this model could help to a preliminary elucidation of the mechanism 367 

governing the chromatographic separation of PCBs in the different evaluated stationary phases 368 

better than other predictive models base on more accurate, but also complex, descriptors [7]. 369 

Generally speaking, the application of this model to the less polar phases investigated (in 370 

particular, ZB-5 and DB-17) identified the descriptors corresponding to the most compact 371 

chlorine distribution patterns as the most significant. These descriptors had a positive 372 

contribution to the model and corresponded to the most retained PCB congeners in 373 

conventional (i.e., low polar) GC stationary phases. This result agreed not only with our 374 

experimental findings, but also with the conclusion of Jiang et al. [15] regarding the dominant 375 

effect of the distribution of the chlorine substituents on the PCB retention on 5%-phenyl-type 376 

GC stationary phases. This effect was not that evident for IL-based phases, in which a 377 

significant contribution was also observed for the descriptors corresponding to the 2,3,4- and 378 

3,4,5-chloro-substitutions. This latter result would suggest that the presence of the three 379 

chlorines in neighboring positions could enhanced the electron withdrawing on the phenyl unit 380 

causing a larger polarization of the total electron density in the aromatic ring that could favor 381 

several solute-stationary phase interactions in the IL-based columns that are less probable to 382 

occur in less polar and non-polar substrates. Although the whole PCB molecule geometry 383 

should indeed be considered, this effect could explain the strong retention observed for 384 

congeners including these chlorine patterns in IL-based phases (e.g., PCBs 128 and 170 [17, 385 

21]). 386 

 387 

3.1.5. Model 5. Interactions among chlorine substituents in different phenyl rings 388 

Model 4 considered the GC retention of PCBs as the result of the additive contribution of the 389 

two phenyl rings. However, it is a well-known that the interactions between chlorine 390 

substituents in ortho positions can cause steric and electronic changes in the PCB structure. 391 

These changes have an effect in the chemical, physical and biological properties of PCBs [19], 392 

as well as on their chromatographic behaviour, as evidenced by model 4. In consequence, an 393 

ortho descriptor should be considered for a correct model definition. In the model described 394 

by Eq. 8, Clo represents the ortho substitution pattern on the PCB, coj being the contribution to 395 

retention on phase ´j´ of a the certain ortho-chlorine pattern. The different possibilities for Clo 396 

were mono-ortho-sustitution (m-O), di-ortho-substitution (with the two chlorines in either the 397 

same ring, d-OS, or in different rings, d-OD), and tri- (tr-O) and tetra- (te-O) ortho-substitution 398 

patterns: 399 
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Rxj = nPx1cpj + nPx2cpj + ∑Clocoj   (Eq. 8) 400 

Table 2 shows the additional improvement of the fit obtained for SLB-IL phases by the 401 

incorporation of the ortho descriptor compared to model 4. Meanwhile, essentially similar 402 

results were obtained for the rest of the evaluated phases, a finding that would suggest that 403 

this parameters (molecular planarity) had only a minor influence on the GC retention of PCBs 404 

in these less polar stationary phases. (This consideration was also applicable for SW-10, the 405 

only phase that did not reach the r threshold value of 0.99, r = 0.979.) A similar trend was 406 

observed for the standard errors calculated for the evaluated stationary phases: Model 5 407 

provided lower standard errors than model 4 for IL-based phases, while similar results were 408 

obtained for all other evaluated stationary phases. These results would contrast with the more 409 

accurate retention fitting observed by Liu et al. [12] for PCB chromatographic behavior in 410 

conventional phases when introducing a non-ortho index to describe those congeners with no 411 

ortho substituents in their five variable-model based on molecular electronegativity distance 412 

vectors descriptors.  413 

For IL-based phases, all ortho descriptors with significance for model 5 showed a negative 414 

contribution, being the one with the highest significance that associated to the presence of 415 

two ortho-cholrines in the same phenyl ring (d-OS). In any case, the average contribution of the 416 

ortho descriptors to the model was lower than that calculated for other descriptors, a finding 417 

that could indicate that the former acted mainly as corrective factors to improve the accuracy 418 

of the model prediction, for which other chlorine patterns play a major role.  419 

Results provided by this model fulfilled the requirements set in this study and, consequently, it 420 

was considered satisfactory and selected for further validation.  421 

 422 

3.2. Validation of the model 423 

As previously indicated, the selection of the dependent variable can have a profound effect on 424 

the quality of the prediction model. To determine the possible influence of this parameter, 425 

model 5, as defined by Eq. 8, was applied to the prediction of the PCBs retention in SLB-IL60 426 

using I instead tR. (For these calculations, the pseudo-lineal temperature program involving a 427 

slow intermediate ramp described in Section 2.2 was used.) The results of this evaluation are 428 

summarized in the two first columns of Table 2. An equally valid fitting of the model (r = 0.994) 429 

was obtained irrespective of the dependent variable selected, I or tR. In addition, in both cases, 430 
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the descriptors contributing to the model and their relative significance were similar, with the 431 

only exception of descriptor tr-O, whose contribution to the model was not significant when 432 

using tR as dependent variable. The mutual agreement observed between both sets of data 433 

was considered an objective demonstration of the robustness of model 5, as well as of its 434 

validity for application with both I and tR as dependent variables, irrespective of the 435 

temperature program applied. This general conclusion agreed with that of Li et al. [7], whose 436 

study involving conventional stationary phases evidenced the general robustness of the 437 

predictive models based on topological descriptors for PCBs under different GC operation 438 

conditions. Our study demonstrated, for the first time, the validity of such models also for very 439 

polar stationary phases, like the SLB-IL76 and SLB-IL60 phases. On the base of previous 440 

conclusions, for simplicity, the tR values were used as dependent variable in subsequent 441 

validation studies.  442 

Further validation of the proposed model included two extra studies. The first one consisted 443 

on the evaluation of the residues obtained when applying the model to estimate the tR of the 444 

test PCBs in the six investigated columns. As shown in Table S10 of the SI, residual errors (REs) 445 

below the set threshold of 1 min were obtained for 55 and 56 out of the 57 PCBs evaluated in 446 

SLB-IL60 and SLB-Il76, respectively. In these phases, the worst results corresponded to PCB 201 447 

(ER of 2.1 and 1.9, respectively), a result difficult to explain but that agreed with previous 448 

observations [17, 21]. The greatest deviations were obtained for SW-10, for which 24 PCBs 449 

presented absolute ERs exceeding 1 min, while less polar phases showed intermediate results, 450 

i.e. 4, 7 and 6 congeners exceeded this threshold in DB-17, ZB-5 and HT-8, respectively.  451 

Finally, the model was used to predict the tR of seven PCBs included in the validation set (PCBs 452 

105, 126, 138, 153, 156, 169 and 200) by introducing their respective descriptors in Eq. 8. The 453 

results obtained for the six evaluated phases are summarized in Table 3 where, for 454 

comparative purposes, the experimentally determined tR for these PCBs and the calculated 455 

difference between both sets of tR values (as RE) is also shown. Again, the best results were 456 

obtained for the IL-based phases, for which deviations between the predicted and the 457 

experimentally determined tR were below 1 min for all tested PCBs, with the only exception of 458 

PCB 200. This particular congener showed an anomalous behavior in all investigated phases, a 459 

result that would agree with previous observations [21]. In this part of the study, the highest 460 

deviations were also observed for SW-10 and ZB-5 phases, for which ca. half of the evaluated 461 

congeners exceeded the threshold of 1 min set in this study. Meanwhile, DB-17 and HT-8 462 

showed intermediate results and relatively small deviations for the discrepant pairs of tR 463 

(except for PCB 200). More importantly, the relatively elution order predicted by model 5 for 464 
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the PCBs included in the validation set agreed with that experimentally determined in all 465 

investigated phases, being the only exceptions to this general satisfactory behavior the change 466 

in the elution order estimated for the pairs PCBs 126-138 in DB-17 and ZB-5, and for PCBs 126-467 

156 y SLB-IL76. The good fitting provided by the proposed model for IL-based phases in this 468 

study contrast with previously reported problems found to predict the PCB behavior as the 469 

polarity of the stationary phases increased [7], even although SLB-IL phases were not 470 

considered in the investigation.  471 

 472 

3.3. Comparison among the PCBs retention behaviour observed in different GC stationary 473 

phases 474 

The retention behaviour of a particular analyte in a GC column depends on its possible 475 

interaction with the stationary phase, which is determined by the chemical structure and 476 

properties of the latter. The absolute values of retention can depend on the column geometry 477 

and on its operation conditions. Therefore, the comparison among the chromatographic 478 

behaviour of an analyte in different columns should be based on the relative differences 479 

observed among its experimental retention data in these stationary phases. For two given 480 

phases, the correlation among these retention values can be considered as an estimate of the 481 

degree of similarity existing between the retention mechanisms of the analyte in both phases. 482 

Values of r near to 1 would indicate that no significant differences in separation would be 483 

obtained when using the two compared stationary phases. Table 4 shows the calculated 484 

correlation coefficients among the tR experimentally determined for the 57 evaluated PCBs in 485 

the six columns considered in this study. A high correlation was observed for the pairs of 486 

columns SLB-IL76−SLB-IL60 and DB-17−ZB-5 (r = 0.999 and 0.994, respectively), while lower 487 

values of r were obtained for all other possible pairs. Interestingly, these low correlation 488 

results evidenced differences in the PCB retention behaviour for pairs ZB-5−HT-8 and among 489 

the SLB-IL columns and SW-10, a finding that would agree with previously reported 490 

observations [24, 25]. 491 

The principal component analysis (PCA) can also help on the identification of existing linear 492 

relationships among values of different variables. The first principal component (or factor) in 493 

PCA is the linear combination among the variables that explain better the data variance. Next 494 

components are calculated in the same way, trying to maximize the residual variance 495 

explained while being orthogonal to other previously calculated factors. PCA eigenvalues 496 

measure the relative amount of variance of principal components. In this study, the 96.5% 497 
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percent value calculated for first component confirmed that an “average” factor, common to 498 

all considered PCBs separation processes, accounted for most of the PCB chromatographic 499 

retention in the six columns. The second eigenvalue had a small but significant value of 2.6%, 500 

while the third and fourth factors had low relative values and significance. 501 

PCA loadings correspond to the coefficients of the variables in this lineal combination. Results 502 

in Table S11 of the SI confirmed that the six columns have a high (negative) contribution to the 503 

first principal component, while that of the second component was smaller, and its sign was 504 

positive for less polar stationary phases and negative for the most polar columns investigated 505 

(Figure S3.A of the SI). The projection of the cases in the plane determined by factors 1 and 2 506 

(Figure S4.A of the SI) shows that while the most volatile congeners appeared on the right part 507 

of the plot, less volatile PCB tend to appear in the left half of this plot. This finding would point 508 

to the analyte volatility as a plausible candidate for factor 1. Meanwhile, factor 2 seemed to 509 

result from differences in the stationary phase “polarity”, considered as an indication of the 510 

different interactions stablished among the analytes and the several either polar and non-511 

polar phases investigated (Figure S.3 of the SI). Finally, the third factor seemed to reflect small 512 

contributions of specific interactions of individual phases, such as SW-10 (Table S11 and Figure 513 

S3.B of the SI). The PCA score plot of the first three factors allowed the visualization of these 514 

results in a graphical manner (Figure 1) and evidenced the difference among the separation 515 

characteristics of the less polar investigated phases (i.e., ZB-5, DB-17 and HT-8) and SW-10, 516 

and among these two types of columns and the SLB-IL stationary phases. 517 

 518 

4. Conclusions 519 

A simple statistical model based on topological descriptors have been developed using the 520 

stepwise multiple linear regression method to predict the chromatographic behaviour of PCBs 521 

in six GC stationary phases covering a wide range of polarities and chemical compositions. The 522 

proposed model used simple descriptors to define the chlorine substitution pattern in the 523 

biphenyl and has been proven to provide similarly satisfactory results using I or tR values as 524 

dependent variable, and under different GC working conditions, i.e. pseudo-isotherm and 525 

programmed temperature. More importantly, the finally proposed model allowed an adequate 526 

prediction of the PCB elution order in a variety of GC stationary phases, including, for the first 527 

time, some with an extremely high polarity, i.e. the IL-based phases SLB-IL76 and SLB-IL60. Our 528 

results also pointed out to a different separation mechanism for PCBs in these phases 529 
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compared to more conventional polar (i.e., SW-10) and non-polar stationary phases (i.e., DB-530 

17, ZB-5 and HT-8). 531 
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 609 

Table 1. Stationary phases used in this study.  610 

Column Stationary phase 

T operating range (°C) 
a 

Polarity b 

Lowest Highest 

SLB-IL76 

Tri(tripropylphosphoniumhexamido)t

riethylamine 

bis(trifluoromethylsulfonyl) 

Subamb 270 3379 

SLB-IL60 

1,12-

Di(tripropylphosphonium)dodecane 

bis(trifluoromethylsulfonyl)imide 

Subamb 300 2622 

SupelcoWax10 Poly(ethylene glycol) 35 280 2324 

DB-17 50% Phenyl-dimetthylpolysiloxane 40 300 
789 

(equiv.) 

ZB-5 5% Phenyl-dimethylpolisiloxane Subamb 370 
312 

(equiv.) 

HT-8 
5% Phenyl (equiv.) polycarborane-

siloxane 
Subamb 370 

252 

(equiv.) 

a Isothermal column temperature limits as indicated by the column manufacturer. 611 

b Sum of the first 5 McReynolds constants [18]. 612 

  613 
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 614 

Table 2. Results of fitting model 5 to the six evaluated stationary phases (descriptors with 615 

p>0.05 are underlined). 616 

 
Pseudo-lineal program       

Column SLB-IL60 SLB-IL60 
SLB-IL76 SLB-IL60 Sw-10 DB-17 ZB-5 HT-8 

 I tR 

R 0.994 0.994 0.991 0.993 0.979 0.997 0.997 0.994 

sest 38.1 0.807 0.530 0.563 2.02 0.82 0.99 0.841 

2 -155.0 -2.91 -1.34 -1.90 -3.56 -4.07 -6.36 -7.02 

3 -59.1 -1.46 -0.510 -1.06 -4.53 -4.12 -5.96 -6.06 

4 42.6 0.862 0.859 0.636 -2.20 -1.93 -3.18 -5.28 

23 158.1 3.24 1.68 2.21 - 2.02 1.80 -3.08 

24 - - - - - 0.540 - -3.42 

25 - - - - - - - -3.76 

26 - - - - - - - - 

34 304.5 6.11 3.56 4.18 4.64 4.65 5.92 - 

35 - - 0.462 - 1.70 1.27 2.59 -1.85 

234 430.9 8.89 4.77 6.07 9.48 10.3 12.4 2.85 

235 133.6 2.84 1.45 1.79 3.54 4.92 7.76 - 

236 207.9 4.25 2.33 2.90 3.04 5.39 5.89 -0.930 

245 174.8 3.50 1.76 2.29 4.31 6.03 8.76 0.946 

246 - - - - - 2.64 3.41 -2.01 

345 462.2 9.41 5.27 6.34 10.5 10.7 14.9 4.93 

2345 499.0 10.2 5.48 6.96 15.1 15.4 19.9 7.65 

2346 302.5 6.22 3.26 4.10 7.00 11.2 14.9 3.73 

2356 290.3 5.91 3.13 3.86 6.42 10.5 14.5 3.39 

23456 612.5 12.8 7.12 8.71 18.7 20.8 25.6 10.6 

m-O -54.5 -1.20 -0.564 -0.806 - - - - 

d-OS -86.9 -1.92 -1.06 -1.37 - - - - 

d-OD - - 0.358 - - - - - 

tr-O - -0.332 - -0.225 - - - - 

te-O - - - - 1.21 - - - 

b0 2687.8 17.1 13.2 16.4 22.0 26.5 28.3 25.5 

 617 

  618 



23 
 

 619 

Table 3. Retention times experimentally determined (tR) and predicted (tRpre) by fitting model 5 to the validation set of PCBs for the six evaluated stationary 620 

phases. All values in min. 621 

 622 

Column SLB-IL76 SLB-IL60 SW-10 DB-17 ZB-5 HT-8 

PCB No tR tRpre RE tR tRpre RE tR tRpre RE tR tRpre RE tR tRpre RE tR tRpre RE 

105 21.01 20.93 0.08 25.84 25.82 0.01 35.14 36.15 -1.01 41.20 41.36 -0.16 46.50 46.63 -0.13 28.16 28.33 -0.17 

126 22.30 22.00 0.29 27.07 26.90 0.16 39.86 37.20 2.66 42.80 41.75 1.05 50.35 49.15 1.20 30.56 30.41 0.14 

138 19.68 20.04 -0.36 24.50 24.74 -0.24 34.83 35.82 -0.99 42.60 42.73 -0.13 49.25 49.47 -0.22 29.17 29.28 -0.11 

153 16.96 17.04 -0.08 21.00 20.96 0.05 30.72 30.65 0.07 38.70 38.51 0.19 46.00 45.84 0.16 27.45 27.38 0.07 

156 22.47 21.65 0.82 27.25 26.72 0.53 41.71 41.72 -0.01 46.90 46.46 0.44 55.35 54.10 1.25 33.32 33.14 0.18 

169 24.48 23.70 0.78 29.27 29.06 0.21 51.80 43.09 8.71 49.00 47.75 1.25 59.75 58.14 1.61 36.64 35.34 1.31 

200 18.66 22.60 -3.94 23.36 27.76 -4.40 34.50 43.80 -9.31 47.10 52.68 -5.58 56.10 59.78 -3.68 31.39 35.18 -3.79 

 623 

 624 
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 625 

Table 4. Correlation coefficients (r) calculated among the tR of the 57 PCBs in the six evaluated 626 

stationary phases.  627 

Column SLB-IL76 SLB-IL60 SW-10 DB-17 ZB-5 HT-8 

SLB-IL76 1.000 0.999 0.961 0.937 0.916 0.934 

SLB-IL60  1.000 0.959 0.944 0.924 0.938 

SW-10   1.000 0.963 0.948 0.976 

DB-17    1.000 0.994 0.989 

ZB-5     1.000 0.991 

HT-8      1.000 

 628 

  629 
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 630 

 631 

 632 

Figure 1. PCA scores calculated for the six investigated stationary phases and indication of the 633 

clusters formed by to the less polar stationary phases (i.e., ZB-5, DB-17 and HT-8; cluster I), 634 

SW-10 (cluster II) and IL-based columns (cluster III).  635 

 636 


