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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Generalized predictive models were 
developed for KOA of aromatic 
pollutants. 

• The underlying π-π interactions for the 
formation of dimers were dissected. 

• A universal QSAR for dimer percentages 
was developed based on the π-π 
interactions. 

• The dimer effect on the estimation of log 
KOA was analyzed and amended.  
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A B S T R A C T   

In this study, generalized predictive models were developed to estimate KOA of four kinds of aromatic pollutants 
based on the calculated solvation free energy and taking the dimer effect into account. Uncorrected log KOA 
values, which were directly estimated from the calculated solvation free energy of individual molecules, 
underestimated experimental values, and the deviation increased with increasing log KOA. Dimers were found to 
greatly affect the apparent KOA values of these aromatic pollutants, which were driven by π-π interactions. 
London dispersion and exchange-repulsion terms were identified to be dominant components of the underlying 
π-π interactions. It is interesting to find that the π-π interactions of polybrominated diphenyl ethers correlate with 
not only the molecular polarizability but also the size of opposing aromatic surfaces, which leads to a different 
trend of π-π interactions from other aromatic pollutants. A universal quantitative structure-activity relationship 
model was developed to estimate the proportion of dimers based on five molecular structural descriptors relevant 
to the π-π interactions. After calibration with the dimer effect, estimations of log KOA were consistent with 
experimental values. Therefore, the dimer effect should be taken into consideration when investigating the 
partition behavior of aromatic pollutants, and the solvation free energy model could be an alternative method for 
the prediction of KOA.  
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1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs), polybrominated diphenyl 
ethers (PBDEs), polychlorinated naphthalenes (PCNs), and poly
chlorinated dibenzo-p-dioxins (PCDDs) are ubiquitous aromatic pollut
ants, which can be accumulated and biomagnified through the food 
chain and consequently lead to adverse toxicological effects (Atkinson 
et al., 2018; Viluksela and Pohjanvirta, 2019). At present, these pol
lutants are still being released as unintended by-products from com
bustion sources, industrial sources, and vehicle exhaust sources. 
Correspondingly, they have been detected in different environmental 
matrices throughout the world (Wang et al., 2019). The widespread 
presence of these pollutants causes a severe concern due to their 
persistence, bioaccumulation, long-range transport potential and sig
nificant toxicity. Therefore, it is of great importance to investigate their 
environmental fate and behavior. 

Among many physicochemical properties, octanol-air partition co
efficient (KOA) is a key parameter determining the partition of organic 
pollutants between the gaseous phase and environmental organic pha
ses, such as soil, vegetation and aerosols. KOA is also a key descriptor of 
the mobility and long-range transport potential of organic pollutants in 
the global environment. Furthermore, KOA is closely related to other 
parameters, such as the gas-particle partition coefficient, the octanol- 
water partition coefficient (KOW) and the Henry’s law constant (HLC), 
and could be used to describe these parameters (Harner, 1998; Xu et al., 
2014). As the experimental determination of KOA values of all of these 
organic pollutants is costly, laborious and unreliable, predictive models 
are desirable to estimate the KOA values. 

In previous studies, a number of predictive models have been 
developed for KOA, such as the direct calculation method based on KOW 
and HLC (Meylan and Howard, 2005), the conductor-like screening 
model for realistic solvents (COSMO-RS) (Parnis et al., 2015), quanti
tative structure-activity relationships (QSARs) (Jin et al., 2017; Wang 
et al., 2017), and the thermodynamic method based on the solvation free 
energy (Fu et al., 2016; Nedyalkova et al., 2019). It is noteworthy that 
the accuracy of the direct calculation method is highly dependent on the 
accuracy of KOW and HLC values, while the QSAR models are often 
limited by their application domains. While the solvation free energy 
model is a relatively universal model without restrictions on the appli
cation domain. Based on the typical thermodynamic relationship of Eq. 
(1), KOA values of organic pollutants can be directly estimated from the 
calculated solvation free energy transferred from the gaseous phase to 
the octanol phase (ΔGOA, kcal/mol). 

log KOA = −
ΔGOA

2.303RT
(1)  

where R [8.314 J/(mol⋅K)] is the gas constant, and T is the absolute 
temperature (K). 

Many continuum solvation models, such as the SMx model, the 
COSMO-RS model and the polarizable continuum model (PCM), have 
been developed to calculate the solvation free energy (Miertus et al., 
1981; Thompson et al., 2004; Klamt, 2005; Cramer and Truhlar, 2008; 
Marenich et al., 2009, 2013; Kholod et al., 2011; Gupta et al., 2012). 
Among them, the Solvation Model Density (SMD) model (Marenich 
et al., 2009) is one of the most precise continuum solvation models due 
to its consideration of the first solvation shell. In our previous study, it 
was found that ΔGOA values of polychlorinated biphenyls (PCBs) 
calculated by the SMD model based on the HF/MiDi!6D level were in 
accordance with the experimental values (Li et al., 2020). However, it is 
not known if it can be generalized to other organic pollutants. Therefore, 
in the present study, the SMD model combined with the HF/MiDi!6D 
level was also employed to calculate ΔGOA values of PAHs, PBDEs, PCNs 
and PCDDs, which were subsequently used to estimate their log KOA. 

It is well known that, driven by the π-π interactions, organic chem
icals with an aromatic π-system in their molecular structures, such as 

benzenes and PAHs, often form dimers and polymers (Doxtader et al., 
1986; Hunter and Sanders, 1990; Arunan and Gutowsky, 1993; Chak
raborty and Lim, 1993; Sato et al., 2005; Podeszwa and Szalewicz, 2008; 
Miliordos et al., 2014). As PCBs, PBDEs, PCNs and PCDDs have aromatic 
π-systems in their molecular structures, theoretically they could also 
form the corresponding dimers and polymers. During the experimental 
measurement of KOA, concentrations of these chemicals are relatively 
higher than those in the environment, and thus their molecules have 
higher probability to encounter each other and to form more dimers and 
polymers. Recently, the formation of dimers and few trimers of typical 
PAH, PCB, PCN, PBDE and PCDD in the n-octanol phase has been sup
ported by results of the molecular dynamics simulation (Li et al., 2022). 
Given the higher lipophilicity, the presence of more aggregates is ex
pected to raise the apparent KOA values relative to the theoretically 
predictive values based on monomers only. As for dimers and polymers, 
it has been showed that taking dimers into account without polymers 
could effectively improve the prediction of KOA of PCBs already (Li et al., 
2020). Therefore, it is desirable to consider the effect of dimers when 
KOA values of these aromatic pollutants are estimated, which could not 
only improve the prediction of KOA, but also simplify the calculation and 
analyses. 

The formation of dimers of aromatic chemicals is driven by π-π in
teractions, the magnitude and orientation of which depend on molecular 
structure, molecular weight, and the size of the opposing aromatic 
surfaces (Hunter and Sanders, 1990; Sherrill, 2013; Hwang et al., 2015; 
Abdalla and Fink, 2016). Substituents connected to the aromatic ring 
also affect π-π interactions, as substituents could donate or withdraw 
electron density and consequently change the electrostatic interaction 
(Hunter and Sanders, 1990; Sherrill, 2013). Therefore, the strength of 
π-π interactions is different for aromatic chemicals with different mo
lecular structures, and the proportion of dimers should be different. As 
the symmetry-adapted perturbation theory (SAPT) could dissect the π-π 
interactions into four components, including electrostatics term, London 
dispersion term, induction (polarization) term and exchange-repulsion 
term (Szalewicz, 2012), it can be used to explore the major contribu
tion to the π-π interactions. In addition, QSAR models could be devel
oped to estimate the proportion of dimers for these aromatic pollutants 
based on molecular structural descriptors highly relative to the π-π 
interactions. 

Therefore, in this study, ΔGOA values of aromatic pollutants, 
including PAHs, PBDEs, PCNs and PCDDs, were calculated by using the 
SMD model, and log KOA values were estimated based on the thermo
dynamic relationship presented in Eq. (1). The effect of dimer formation 
on the estimation of log KOA was analyzed, and the underlying π-π in
teractions for the formation of dimers was explored. Subsequently, a 
universal QSAR model was developed to estimate the proportion of di
mers according to the π-π interactions, and the dimer effect was taken 
into consideration to correct the predictive log KOA values. 

2. Materials and methods 

2.1. Data set 

Experimental log KOA values of 16 PAHs, 30 PBDEs, 24 PCNs and 10 
PCDDs at 298.15 K were collected from previous publications (Harner 
and Bidleman, 1998; Mackay and Callcott, 1998; Harner et al., 2000; 
Treves et al., 2001; Harner and Shoeib, 2002; Wania et al., 2002; Oda
basi et al., 2006). For chemicals with more than one experimental log 
KOA value, average values were adopted. All of these log KOA values are 
listed in Table S1. 

2.2. Computational methods 

Molecular structures of both monomeric and dimeric aromatic pol
lutants studied were drawn by ChemBioDraw Ultra (Version 14.0, 
CambridgeSoft Corporation). For the dimers, the initial conformations 
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were generated as the edge-to-face stacking type or offset stacking type 
following the results of the molecular dynamic simulation on the ag
gregation behavior of these aromatic pollutants. The calculation process 
of ΔGOA with the SMD model involved three steps: geometry optimiza
tion, frequency calculation and energy calculation, which were all per
formed by using Gaussian 09-E01 (Frisch et al., 2009). The HF/MiDi!6D 
level, which has been chosen as the optimal calculation level to calculate 
ΔGOA values of PCBs in our previous study (Li et al., 2020), was also 
adopted to calculate ΔGOA in this study. IBM SPSS Statistics 22.0 soft
ware (IBM Corp.) was used to develop linear regression models between 
the experimental and predicted ΔGOA values. 

For the calculation of π-π interactions, the third generation of density 
functional dispersion correction (DFT-D3) (Grimme et al., 2010) with 
Becke-Johnson (BJ) damping (Grimme et al., 2011) was employed, 
which could describe the dispersion effect precisely. In addition, the 
basis set superposition error (BSSE) was corrected by the counterpoise 
(CP) method proposed by Boys and Bernardi (1970). The π-π interactions 
of these aromatic pollutants in the octanol phase were obtained by using 
Eq. (2). 

E(Interaction)=E(Dimer) − 2 × E(Monomer) + E(BSSE) (2)  

where E(Interaction), E(Dimer), E(Monomer), and E(BSSE) represent the 
energy of π-π interactions, dimers, monomers and BSSE, respectively. 
The geometry optimization was conducted at B3LYP-D3(BJ)/6-311G(d, 
p) level. E(Dimer), E(Monomer) and E(BSSE) were calculated at the 
B3LYP-D3(BJ)/6-311+G(2d,p) level. With the energy component anal
ysis of SAPT, the dominant contribution terms for the π-π interactions of 
these aromatic pollutants were explored. 

2.3. Estimation of the proportion of monomeric and dimeric aromatic 
pollutants 

It had been supposed that experimental log KOA values of these ar
omatic pollutants were the sum of corresponding values of monomers 
and dimers. Therefore the percentages of monomers and dimers of ar
omatic pollutants with experimental log KOA values, were estimated 
based on the experimental log KOA values and predicted values of cor
responding monomers and dimers. Subsequently, a universal QSAR 
model was developed based on these percentages obtained, which were 
used to estimate the dimer percentages of aromatic pollutants without 
experimental log KOA values. A total of 15 molecular structural de
scriptors were selected to develop the QSAR models as these descriptors 
are closely related to the π-π interactions (Politzer et al., 2001; Byrd and 
Rice, 2006). They are dihedral angle (DA), molecular weight (Mw), 
molecular volume, density, minimal electrostatic potential (ESP) value, 
maximum ESP value, overall surface area, positive ESP surface area, 
negative ESP surface area, overall average ESP value, positive average 
ESP value, negative average ESP value, molecular polarity index (MPI) 
(Liu et al., 2021), nonpolar surface area (NSA) and polar surface area 
(PSA). DA was calculated by using GaussView 6.0, Mw was calculated by 
the PM7 method in MOPAC 2016 (Stewart Computational Chemistry, 
Colorado Springs, CO, USA), and other molecular structural descriptors 
were obtained from the quantitative analyses of the molecular surface 
module (Lu and Chen, 2012a) implemented in Multiwfn software (Lu 
and Chen, 2012b). QSAR models were developed by using the partial 
least-squares (PLS) regression in Simca-S (Version 13.0, Umetri AB & 
Erisoft AB) software following the method of Ding et al. (2006). 

2.4. Statistical analyses 

The goodness-of-fit, predictive accuracy and robustness of linear 
regression models between the experimental and predicted ΔGOA were 
evaluated by the coefficient of determination (R2), the root mean square 
error (RMSE) and the leave-one-out cross validation statistic (Q2

CV). The 
F-test and t-test were performed to test whether the linear regression 

model and the regression coefficients were significant at a significant 
level of 0.05. 

The performance of a PLS model was characterized by the number of 
PLS principal components (A), the cumulative variance of all the pre
dictor variables and the response variables explained by the extracted 
components (R2

X(cum) and R2
Y(cum)), the cumulative cross-validation co

efficient (Q2
(cum)), and RMSE. Variable Importance in the Projection (VIP) 

is a parameter that shows the importance of a variable in a model. A 
predictor variable with a VIP value higher than 1 is considered to be 
more relevant for explaining the response variable. 

In addition, the studentized residual (ri) and leverage value (pii) were 
used to identify abnormal data points as outliers and high leverage 
points, respectively. The values of ri and pii can be calculated with Eq. (3) 
and Eq. (4), respectively. 

ri =
ei

σ̂ (i)
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − pii

√ (3)  

pii =
1
n
+

(xi − x)2

∑
(xi − x)2 (4)  

where ei is the residual error of i, σ̂ (i) is the estimate of standard devia
tion σ, xi is the observed value of i, and x is the average of the observed 
values. If a data point has the studentized residual that is larger than 3 
(in absolute value), it is identified to be an outlier. If the leverage value 
of a data point is more than three times greater than the mean leverage 
value, it is identified as a high leverage point. 

3. Results and discussion 

3.1. Development and validation of ΔGOA models for typical aromatic 
pollutants 

As experimental log KOA values were available for 16 PAHs, 30 
PBDEs, 24 PCNs and 10 PCDDs, experimental ΔGOA values of these ar
omatic pollutants were obtained according to Eq. (1). ΔGOA of these 
aromatic pollutants were also calculated with the SMD model at the HF/ 
MiDi!6D level. All experimental log KOA values, as well as the experi
mental and calculated ΔGOA values of these aromatic pollutants were 
listed in Table S1. Based on these values, simple linear regression models 
were developed, named Model 1, Model 2, Model 3 and Model 4 for 
PAHs, PBDEs, PCNs and PCDDs, respectively. 

From Figs. S1, S2, S3 and S4, it can be seen that the calculated ΔGOA 
values are in good agreement with corresponding experimental values 
with high R2 and Q2

CV, and low RMSE for Models 1–4. The equivariance 
and normal distribution of residuals were verified by the standardized 
residual scatter plots, standard residual histograms and normal proba
bility plots. With regard to the F-test, F (1844.868) > Fα (1, 14), F 
(592.162) > Fα (1, 28), F (94.601) > Fα (1, 22) and F (56.809) > Fα (1, 8) 
were obtained for Models 1–4, respectively. As for the t-test, |t| ≥ tα/2 
was obtained for all of these models. It can also be seen that none of the 
data points were identified as outliers or high leverage points. Therefore, 
these regression models were well-fitted and statistically significant 
based on the results presented above. However, systematic over
estimations were noticed for the calculated ΔGOA values, which could 
lead to systematic underestimations of log KOA values. 

3.2. Effect of the dimer on the estimation of log KOA and the underlying 
π-π interactions 

Based on the ΔGOA values calculated, log KOA values of typical PAHs, 
PBDEs, PCNs and PCDDs were estimated with Eq. (1). The experimental 
and estimated log KOA values of these aromatic pollutants are shown in 
Fig. 1A. It can be seen that the estimated log KOA values were lower than 
the corresponding experimental values, and the deviations increased 
with increasing experimental values. In our previous study, log KOA 
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values of PCBs estimated based on ΔGOA values calculated with the SMD 
model, were also found to be underestimated (Li et al., 2020). 
Furthermore, Fu et al. (2016) also reported the underestimation of log 
KOA values based on calculated ΔGOA values with the SM8AD model, and 
the deviation also increased with increasing log KOA values, especially 
for compounds with log KOA > 5. 

Driven by the π-π interactions, aromatic chemicals, such as benzenes 
and PAHs, often form dimers and polymers (Hunter and Sanders, 1990; 
Sinnokrot and Sherrill, 2004; Wild et al., 2008; Sherrill, 2013; Miliordos 
et al., 2014; Hwang et al., 2015). Under typical measurement conditions 
of KOA, concentrations of these aromatic chemicals are relatively high, 
so that their molecules have a higher probability to encounter each 
other, and then form dimers and polymers during the measurement. 
Thus, experimental log KOA values should be combined values of a 
mixture of monomers, dimers and polymers, instead of the values of 
monomers. As the lipophilicity of dimers and polymers is higher than 

that of monomers, the experimental log KOA should be higher than the 
theoretically predictive values based on monomers only. This could be 
the reason that the estimated log KOA values were lower than the cor
responding experimental values as shown in Fig. 1A. 

It has been proven that taking monomers and dimers into account, 
whilst ignoring polymers, could effectively improve the prediction of 
KOA of PCBs already (Li et al., 2020). Therefore, the effect of dimers was 
taken into account in this study, and a correction equation (Eq. (5)) was 
adopted for the estimation of log KOA. 

log KOA =monomer% × log KOA(monomer) + dimer% × log KOA(dimer)
(5)  

where monomer% and dimer% are percentages of monomeric and 
dimeric aromatic chemicals, and the sum of their values for a chemical is 
supposed to be 100%. According to Eq. (5), the percentages were 

Fig. 1. Experimental and estimated log KOA values (A), and dimer percentages of selected PAHs, PBDEs, PCNs and PCDDs (B).  

Fig. 2. The correlation between the dimer percentages and π-π interactions of selected PAHs (A), PBDEs (B), PCNs (C) and PCDDs (D) in the n-octanol phase.  
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calculated based on experimental log KOA values and estimated values of 
corresponding monomers and dimers, the values of which were listed in 
Table S2. For these aromatic pollutants, the plot of dimer percentages 
versus experimental log KOA values was shown in Fig. 1B. It can be seen 
that the dimer percentages are different for different aromatic pollutants 
with the same log KOA value in the order of PCDDs > PCNs > PBDEs >
PAHs. As the lipophilicity of dimers is higher than that of monomers, 
aromatic pollutants with more dimers have greater deviations between 
the experimental and estimated log KOA values. From Fig. 1A, it can be 
seen that the order of the deviation between the experimental and 
estimated log KOA is also PCDDs > PCNs > PBDEs > PAHs, which agrees 
with the above discussion. 

As π-π interactions are the main driving force for the formation of 
dimers, dimer percentages of different aromatic pollutants should be 
related to the strength of π-π interactions. Therefore, π-π interactions in 
the octanol phase were calculated for selected aromatic pollutants at the 
B3LYP-D3(BJ)/6-311+G(2d,p) level with the CP mission, results of 
which were listed in Table S3. The strength of π-π interactions of these 
aromatic pollutants ranged from − 5.96 to − 21.50 kcal/mol. It was 
interesting to find that the π-π interactions calculated in the n-octanol 
phases were well correlated with the dimer percentages (Fig. 2). 

Subsequently, a zeroth-order SAPT method with the jun-cc-pVDZ 
basis-set was adopted to analyze the major contribution to the π-π in
teractions. The SAPT method dissects the π-π interactions into an elec
trostatics term, a London dispersion term, an induction (polarization) 
term and an exchange-repulsion term. Among them, the electrostatics 
and induction terms relate to the electrostatic potential (Murray and 
Politzer, 2011), while the London dispersion and the exchange-repulsion 
terms relate to the van der Waals (vdW) potential (Lu and Chen, 2020). 
As π-π interactions are usually reported as negative values, the more 
negative the reported values, the stronger the π-π interactions. From 
Fig. 3, it can be seen that the London dispersion and exchange-repulsion 
terms were the dominant components of the π-π interactions. The elec
trostatics term played a relatively unimportant role, while the contri
bution of the induction term was almost negligible. Based on the values 
of these terms, the London dispersion term was found to be the main 

attractive term, which has also been identified as the major source of π-π 
interactions by Tsuzuki et al. (2002) and Sinnokrot and Sherrill (2004). 

From Fig. 3, it can also be seen that the absolute values of all these 
energy components of PAHs, PCNs and PCDDs increased with increasing 
numbers of the substituent. As molecular weight increased with 
increasing numbers of the substituent, the changes of energy compo
nents of PAHs, PCNs and PCDDs were in accordance with the changes of 
their molecular weights. However, for PBDEs, the absolute values of all 
the energy components increased with increasing numbers of bromine 
substituents from 1 to 6, and then decreased from 7 to 10. It has been 
reported that the π-π interactions of benzene correlate highly with not 
only the molecular polarizability but also the size of the opposing aro
matic surfaces (Zeinalipour-Yazdi and Pullman, 2006; Zhang, 2011). It 
is well known that the polarizability correlates well with molecular 
weight. Therefore, the change of the energy components might be 
related to the impacts of molecular weight and the size of the opposing 
aromatic surfaces of PBDE congeners. 

The size of the opposing aromatic surfaces can be characterized by 
the integral domains enclosed by the reduced density gradient (RDG) 
isosurface (Johnson et al., 2010; Lu and Chen, 2012b; Manzetti and Lu, 
2012; Lu and Manzetti, 2014; Jiao et al., 2017). Therefore, RDG iso
surfaces of typical aromatic pollutants were drawn and shown in Fig. S5 
by using Multiwfn (Lu and Chen, 2012b) and VMD (Humphrey et al., 
1996). The green region of the RDG isosurface between two aromatic 
molecules was identified as the π-π interactions. The bigger the green 
region, the stronger the π-π interactions. Subsequently, the integral 
volume enclosed by the RDG isosurface was calculated by Multiwfn and 
listed in Table S3. Since PAHs, PCNs and PCDDs were all co-planar 
compounds, the volumes enclosed by their RDG isosurfaces systemati
cally increased with increasing molecular weights. However, PBDEs are 
non-planar compounds, and the dihedral angle of PBDE congeners 
changed with the number of substituents, resulting in corresponding 
changes of the volume enclosed by the RDG isosurface. It was found that 
the volume increased with increasing numbers of the substituent for 
PBDEs with 1–6 substituents, while the value decreased for PBDEs with 
7–10 substituents. Therefore, the π-π interactions increased firstly for 

Fig. 3. The energy component analysis of the π-π interactions of selected PAHs (A), PBDEs (B), PCNs (C) and PCDDs (D).  
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PBDEs with 1–6 bromine substituents, and then decreased for PBDEs 
with 7–10 bromine substituents. Furthermore, it was noticed that the 
dimer percentages of PBDEs with 8–10 bromine substituents cannot be 
obtained because of the scarcity of their experimental log KOA values. 
Therefore, the measurement of log KOA of these PBDEs is required in 
order to provide more basic physicochemical data for PBDEs and to 
verify the relationship between the π-π interactions and the number of 
bromine substituents. 

3.3. The estimation of dimer percentages and the correction of log KOA 

From Fig. 2, it could be seen that the linear relationships between π-π 
interactions and dimer percentages for different kinds of aromatic pol
lutants were different. Therefore, a universal QSAR model was devel
oped to predict the dimer percentages for these aromatic pollutants. It 
has been reported that the π-π interactions mainly involve two parts: the 
ESP and the vdW potential (Lu and Chen, 2020). Therefore, a total of 15 
molecular structural descriptors related to ESP and vdW potential were 
selected for the modelling. 75% of experimental dimer percentages were 
randomly selected as the training set, and the remaining 25% experi
mental dimer percentages were used as the external validation set 
(Table S4). Following the variable selection method reported by Ding 
et al. (2006), five most relevant molecular structural descriptors, 
including DA, NSA, PSA, Mw and MPI, were selected at last, the values of 
which were listed in Table S4. The predictive model for the dimer per
centage is presented as Eq. (6). Here, DA is a parameter identifying the 
planar or non-planar structure of a molecule, NSA and PSA are mea
surements of the vdW potential and the ESP respectively, and Mw and 
MPI relate to the polarity of a chemical. 

Dimerpercentages=− 1.927+7.809×10− 3NSA+1.510×10− 1MPI

− 2.218×10− 3PSA+1.721×10(− 3)DA− 1.118×10(− 3)Mw
(6) 

NTRA = 60, p = 5, A = 4, R2
X(cum) = 0.994, R2

Y(cum) = 0.815, Q2
(cum) =

0.793, RMSE = 0.071, NVAL = 20, RMSEVAL = 0.062, Q2
VAL = 0.800. 

where NTRA and NVAL are the numbers of data points in the training and 
validation set respectively, and p is the number of predictor variables 
used for the modelling. Four PLS components were extracted, and they 
explained 99.4% and 81.5% of the variance of the predictor and 
response variables, respectively. High Q2 and low RMSE suggest that the 
model is robust and has a good predictive ability. It can furthermore be 
seen from Fig. S6 that the predicted dimer percentages by the QSAR 
model are in agreement with the experimental percentages. This also 
revealed that the model has a good predictive ability. 

VIP values of predictor variables and PLS weights of the QSAR model 
are listed in Table 1. Predictor variables with larger VIP values are more 
relevant for modelling the dimer percentage. Predictor variable that is 
important to the ath PLS component, have a larger absolute value of w 
[a] (Wold et al., 2001). As the VIP values of NSA, MPI and PSA are higher 
than 1, they are identified to be more important variables for modelling 
the dimer percentage. From w[1] values, it can be seen that the first PLS 
component primarily condenses information of MPI, NSA and PSA. 
These variables characterize the polarizability, vdW potential and ESP of 

these molecules, respectively. As these variables all have high VIP 
values, they are the most relevant predictors for modelling the dimer 
percentage. The second PLS component mainly describes information of 
the dihedral angle, which characterizes the molecular geometry. The 
third PLS component mainly condenses partial information of NSA. The 
fourth PLS component is dominated by Mw, and provides further in
formation on the structural properties of these aromatic pollutants that 
affect the dimer percentages. 

From Fig. 4, it can be seen that the deviations between the experi
mental and predicted log KOA values were significantly reduced after the 
correction. Therefore, the dimer has a great effect on the estimation of 
log KOA values, and this should be taken into account when log KOA 
values are theoretically predicted. Based on the QSAR model for the 
dimer percentage, dimer percentages of some PAHs, PBDEs, PCNs and 
PCDDs without experimental log KOA values were predicted, the results 
of which are listed in Tables S5, S6, S7 and S8, respectively. Subse
quently, the predicted log KOA values of these aromatic pollutants were 
corrected for the dimer effect following Eq. (5). The corrected ΔG and 
log KOA values are listed in Table S9, which could provide basic data for 
these aromatic pollutants without experimental log KOA values. 

3.4. Comparison with previous studies 

Parnis et al. (2015) estimated log KOA values of some PAHs and their 
nitrogen-, oxygen- and sulfur-containing derivatives by using the 
COSMO-RS method and simple linear regression (SLR). Papa et al. 
(2009) developed a QSPR model to predict log KOA values of PBDEs 
according to the OECD principles for regulatory acceptability of QSARs 
with ordinary least squares (OLS). Wang et al. (2017) constructed 
3D-QSAR models for KOA values of PCNs by using the comparative 
molecular field analysis (CoMFA) and comparative molecular similarity 
indices analysis (CoMSIA) techniques based on 32 experimental values 
of PCNs. Vikas and Chayawan (2015) developed a QSPR model to esti
mate log KOA values of PCDD/Fs based on a single descriptor, the 
electron-correlation contribution to the correlation-energy, with the SLR 
method. The statistical parameters of these models are listed in Table 2. 

From Table 2, it can be seen that the statistics of R2, RMSE and Q2
CV of 

this study were slightly inferior to previously reported results (Papa et al., 
2009; Parnis et al., 2015; Vikas and Chayawan, 2015; Wang et al., 2017). 
However, more aromatic pollutants from four kinds of aromatic pollut
ants were included. It is known that the performance of a predictive 

Table 1 
VIP values of predictor variables and PLS weights of the QSAR model for the 
dimer percentage a.  

Variable VIP w[1] w[2] w[3] w[4] 

NSA 1.199 0.584 0.196 0.651 0.378 
MPI 1.051 ¡0.537 0.328 0.345 0.410 
PSA 1.011 ¡0.506 0.269 0.399 − 0.406 
DA 0.911 0.301 0.823 − 0.229 − 0.366 
Mw 0.780 0.154 − 0.323 0.494 ¡0.625  

a The bold-faced values indicate that the PLS components are mainly loaded 
on the corresponding variables. 

Fig. 4. The original and corrected log KOA data of aromatic pollutants studied.  
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model is not only dependent on these statistical parameters, but also on 
other characteristics, such as the application domain and the dependency 
on experimental data. Compared with other studies, the ΔGOA model 
developed in this study covers more kinds of aromatic pollutants, has a 
more universal application domain, and is less dependent on experi
mental data. Furthermore, the dimer effect on the prediction of KOA was 
systemically and explicitly analyzed for aromatic pollutants, rather than 
implied in the regression coefficient of statistical analyses. Therefore, the 
ΔGOA model developed in this study could be a promising alternative 
method for estimating log KOA values of aromatic pollutants. 

4. Conclusions 

In the present study, generalized predictive models for log KOA 
values of aromatic pollutants were developed based on ΔGOA and cor
rected by the dimer effect. It is found that dimers, driven by π-π in
teractions, could greatly affect the apparent KOA of aromatic pollutants. 
London dispersion and exchange-repulsion terms were identified to be 
dominant components of the underlying π-π interactions. A universal 
QSAR model was developed to estimate the dimer percentages based on 
five molecular structural descriptors relevant to the π-π interactions. 
After calibration with the dimer effect, estimations of log KOA were 
consistent with experimental values. Therefore, the solvation free en
ergy model could be an alternative method for estimating log KOA values 
and the dimer effect should be taken into consideration when investi
gating the partition behavior of aromatic pollutants. 
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