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Predicting low density polyethylene-air partition
coefﬁcients using theoretical linear solvation energy
relationships
Tengyi Zhu, Mao Li, Jing Wu, Yajun Wang and Rajendra Prasad Singh

ABSTRACT
Passive air samplers have proven to be a widely used technique in measuring hydrophobic organic
compounds (HOCs) in the atmosphere. Chemical partition coefﬁcients between the sorbent material and
air (KPE-a) are signiﬁcant for calculating chemical concentrations from passive sampling devices. We have
established a theoretical linear solvation energy relationship (TLSER) model for predicting KPE-a values by
molecular descriptor. With the TLSER model, McGowan volume (V ), chemical hardness (η) and dipole
moment (DM) were screened as the most relevant variables. The model had a high correlation coefﬁcient
(R 2), leave-one-out cross-validation coefﬁcient (Q 2LOO) and bootstrapping coefﬁcient (Q 2BOOT). To our
knowledge, this is the ﬁrst attempt to predict the LDPE-air partition coefﬁcient using the TLSER model.
Statistical parameters, determination coefﬁcient (R 2) and cross-validation coefﬁcients (Q 2) ranged from

Tengyi Zhu (corresponding author)
Mao Li
Jing Wu
School of Environmental Science and Engineering,
Yangzhou University,
Yangzhou,
China
E-mail: tyzhu@yzu.edu.cn
Yajun Wang
Rajendra Prasad Singh
School of Civil Engineering,
Southeast University,
Nanjing,
China

0.896 to 0.931 and 0.883 to 0.909, respectively, which indicated that the TLSER model appropriately
ﬁtted the results, and also showed robustness and predictive capacity. Mechanism interpretation
suggested that the factors governing the partition process for LDPE and air were the McGowan volume
and molecular orbital energies. The results of this study provide a good tool for predicting log KPE-a values
of HOCs, within the applicability domains to reduce cost and time for innovation.
Key words

| applicability domain (AD), hydrophobic organic compounds (HOCs), low density
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INTRODUCTION
Hydrophobic organic compounds (HOCs) are usually carci-

synchronic monitoring of POPs in the atmosphere across

nogenic, teratogenic and mutagenic, and pose a great danger

vast territories. Passive sampling technology is a kind of

to the natural and human survival environment (Fujii et al.

equilibrium sampling technology for enriching organic pol-

). The atmosphere is one of the core matrices for global

lutants in environmental media based on molecular

monitoring of persistent organic pollutants (POPs). The

diffusion or the inﬁltration principle. It integrates sampling,

urgent need for the effective evaluation of air pollutants

separation, concentration and analysis without the need for

has contributed to the innovative development of atmos-

external energy. Many different materials have been used as

pheric POPs sampling technology. Great progress has

sorbents in various passive sampling devices, including

been made in the development and application of passive

semipermeable membrane devices (Huckins et al. ;

atmospheric sampling (PAS) technology in the last decade

Petty et al. ; Lohmann et al. ; Khairy & Lohmann

(Hazrati & Harrad ; Tuduri et al. ). PAS is becoming

), low density polyethylene (LDPE) ﬁlm (Bartkow

an effective complementary sampling technology for high

et al. ; Denberg et al. ; Khairy & Lohmann ;

volume air samplers, with its extraordinary advantage in

Zhu et al. ), and polyurethane foam (PUF) devices
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( Jaward et al. , ; Tuduri et al. ; Hazrati &

TLSER has been proven to be useful in three areas

Harrad ; Devi et al. ). Among them, previous studies

(Karelson et al. ), the ﬁrst being its ability to calculate

have shown that a thin sheet of LDPE is the cheapest,

easily the parameters of most chemical species. The relevant

simplest effective material for measuring many different

capabilities of the method can be signiﬁcantly improved, by

classes of HOCs in the ﬁeld and in laboratory experiments

increasing the number of compounds available for the data

(Ockenden et al. ; Lohmann et al. ; Harner et al.

set, and by increasing the ease of calculation of the par-

; Jaward et al. ; Khairy & Lohmann ; Smedes

ameters. Second, the resulting correlations relate an

et al. ).

empirical property to molecular parameters. In this way,

The partition coefﬁcients of HOCs between LDPE and

how changes in molecular structures affect the observed

air (KPE-a) are vitally important for designing passive sam-

property can be deduced (or identiﬁed). Third, since the

pler devices and calculating chemical concentrations of

parameters are orthogonal, problems of cross-correlation

the air phase from LDPE. The equilibrium partition coefﬁ-

between independent variables are usually minimized.

cients are required to calculate the sampling rates and

The LSER parameters are usually obtained from exper-

estimate the concentrations of compounds. However, it is

imental measurements, which are not readily available for

difﬁcult to measure KPE-a for all potential pollution, since

most of the polar and non-polar neutral organic chemicals.

experimental determination of KPE-a is generally laborious,

It is an important means to overcome the insufﬁciency of

time-consuming and expensive (Khairy & Lohmann ).

the classical LSER model by using the quantum chemical

So it would be helpful to develop mathematical models

parameters of the theoretical calculation to replace the

for predicting KPE-a values with the physicochemical proper-

molecular parameters measured by the experiment or to

ties of chemicals. Several models have been proposed by

develop a model that can predict the LSER parameters.

research groups for calculating KPE-a values of HOCs based

The TLSER parameters can be calculated by quantum chemi-

on the logarithm of octanol-air partition coefﬁcient (log

cal methods, which is more convenient to develop a model.

Koa) (Khairy & Lohmann ), but the KPE-a – Koa relation

Therefore, the aim of this study was to develop a TLSER

for organochlorine pesticides (OCPs) explained only 32%

model by quantum chemical descriptors for predicting poly-

of the total data. A strong linear relationship between log

ethylene-air partition coefﬁcients. The TLSER models were

KPE-a and their subcooled liquid vapor pressures (log PL)

based on a large data set, including 97 compounds, includ-

was also investigated for 49 HOCs. This ﬁeld calibration

ing most common HOCs, within the applicability domains

model was only performed for polycyclic aromatic hydro-

to reduce experimental cost and time for innovation.

carbons

(PAHs),

polychlorinated

biphenyls

(PCBs),

polybrominated diphenylethers (PBDEs) and OCPs. And
KPE-a values are not available for other classes of HOCs.

MATERIALS AND METHODS

The linear solvation energy relationship (LSER) and the
theoretical linear solvation energy relationship (TLSER) are

Data sets

considered as useful modeling methods for predicting partition coefﬁcients or toxicity of solutes (Lyakurwa et al.

The experimental data sets of KPE-a were collected from litera-

). LSER descriptors based on linear free energy

ture (Tables S1–S5 in the supplementary material, available

relationships are successful in correlating a wide range of

with the online version of this paper) for ﬁve different

chemical and physical properties involving solute-solvent

classes of HOCs, including 41 PAH congeners, 22 PCB con-

interactions, which speciﬁcally identify and evaluate the

geners, 4 PBDEs, 10 different OCPs, and 20 polychlorinated

individual solute-solvent interactions. The coefﬁcients of

dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs).

the molecule descriptors in the correlation equation are

The total data set covers 97 compounds with a wide

expected to provide insight into the physical nature of the

range of log KPE-a values (from 4.93 to 11.7). The normal dis-

solute-solvent interactions related to the experimentally

tribution for the total data set with a mean of 8.40 and a

observed phenomena or data.

standard deviation of 1.42 is shown in Figure 1. All
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In the scheme of this model, property represents solutesolvent interactions. The McGowan volume (V ) describes
the cavity term. The dipole moment (DM) represents the
polarity term. The q and qþ are the net charge of the
most negative and most positive atoms, respectively, which
describe the hydrogen bonding term. The electron donoracceptor terms are represented by chemical hardness (η,
(ELUMO – EHOMO)/2), chemical potential (μ, (ELUMO þ
EHOMO)/2), ionization potential (I, -EHOMO), electrophilicity
index (ω, μ 2/2η) and electron afﬁnity (A, -ELUMO).
Stepwise multiple linear regression analysis in the SPSS
software was performed on selected variables and develFigure 1

|

Distribution of experimental log KPE-a values of the data set in current study.

oped the predictive model based on the following schemes:

compounds were randomly divided into a training set and
validation set in the ratio of 4:1. The data in the training
set was used to establish the model and the data in the vali-

TLSER:logKPEa ¼ aV þ bDM þ cqþ þ dq þ eη þ fμ
þ gω þ hI þ iA þ constant

(2)

dation set was used to validate the model.
The lowercase letters a, b, c, d, e, f, g, h and i are

Calculation of molecular descriptors

regression coefﬁcients. The best model was selected, with

The initial organic molecular structure was generated by ChemBio3D Ultra 12.0 software. The molecular structures were
optimized with the MM2 method contained in the ChemBio3D
software (at the minimum root mean square (RMS) gradient ¼
0.001) (Zhu et al. ). Then, MOPAC2016 software was
applied to generate molecular descriptors (MTLSER parameters) with the minimize energy/geometry method, using
keywords: PM7, Dielectric Constant ¼ 78.6, EF, GNORM ¼
0.01, MULLIK POLAR SHIFT ¼ 80 (MOPAC & Stewart
). Based on the optimized geometric structures from
MOPAC, molecular descriptors were calculated by using the
PaDEL-Descriptor software (Version 2.21) (Yap ). As a

the lowest number of chemical descriptors and the maximum values of the determination coefﬁcient (R 2adj). The
statistical parameters R 2adj, leave-one-out cross-validated
(Q 2LOO), bootstrap method (Q 2BOOT) (1/5, 5,000 iterations)
and the root mean squared error (RMSE) were calculated
to assess the predictive ability of the model. R 2ext, RMSEext
and external explained variance (Q 2ext) were employed to
evaluate the predictive capacity of the models. The severity
of multicollinearity of each predictor variance was also
characterized by the variance inﬂation factor (VIF). The
applicability domain (AD) was characterized by the
Euclidean distance method (OECD ). The calculation

result, 1051 descriptors were retained in the ﬁnal set.

method of the Williams plot and the statistical parameters

Model development and evaluation

(available with the online version of this paper).

of the models are presented in the supplementary material

The TLSER concept is a general approach to describe solvation and partition or related property. The conventional
TLSER is expressed as follows (Famini et al. ; Lyakurwa
et al. ):
Property ¼ Cavity term þ Polarity term
þ Hydrogen bonding term
þ Electron donor acceptor term þ Constant
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The descriptors involved in the TLSER model, and corresponding Student’s t test
(t), statistical signiﬁcance (p) and variance inﬂation factor (VIF) values

logKPEa ¼ 9:544 þ 3:768V  1:949η þ 0:133DM
ntra¼77,

R 2adj ¼ 0.896,

Q 2LOO ¼ 0.883,

(3)

Model

Descriptor

t

p

VIF

TLSER

V
η
DM

18.328
9.620
2.085

0.000
0.000
0.000

1.638
2.359
2.361

Q 2BOOT ¼ 0.887,

RMSEtra ¼ 0.421, p < 0.001, next ¼ 20, R 2ext ¼ 0.931, Q 2ext ¼
0.909, RMSEext ¼ 0.465, where ntra and next are the numbers
of chemicals in the training set and the validation set,

consistent with the observed values in this study. In

respectively.
The TLSER model showed satisfactory statistical par-

addition, the predictive variable involved in the models

ameters with R 2adj, Q 2LOO and Q 2BOOT of 0.896, 0.883 and

and corresponding Student’s t test (t), statistical signiﬁcance

R 2ext

Q 2ext

of 0.931 and

(p) and variance inﬂation factor (VIF) values are also listed

0.909 in the validation set, respectively. According to the cri-

in Table 1. The statistical parameters of the models indicated

teria (Q 2 > 0.5, R 2 > 0.6) proposed by Golbraikh et al.

that there was no multicollinearity among predictive vari-

(), these statistical results suggested that the TLSER

ables (descriptors), with the VIF values <10 for all the

model had satisfactory stability and predictive ability. The

predicted descriptors.

0.887 in the training set, and

and

results of the current study show that the importance of molecule descriptors follows the order: cavity term > electron

Applicability domain

donor-acceptor term > polarity term. The cavity term
(McGowan volume, V) is the most signiﬁcant variable in

The evaluation results of Euclidean distance for the TLSER

the TLSER model. The observations from this study are con-

model are shown in Figure 3. All the compounds in the

sistent with the results from Liu et al.’s () investigations.

training and validation sets were located at the accepted

The model for HOCs had smaller RMSEtra values (0.421

domain, which indicated that the training sets for the

and 0.465), indicating goodness of ﬁt and predictive

TLSER model had excellent representativeness. Considering

capacity. The correlation between observed and predicted

the standardized residuals (δ), there was one chemical

log KPE-a values is presented in Figure 2. The external pre-

(2,3,7-chlorinated dibenzo-p-dioxin) in the training set with

dictive ability of the model can be validated by a small

|δ| > 3, identiﬁed as an outlier (Figure 4). This showed that

Q 2ext

(0.909). The statistical

there are no outliers in the TLSER model except for the

results indicated that the predicted log KPE-a values were

dioxin. But dioxin was in the TLSER model because other

RMSEext (0.465) and a high

Figure 3
Figure 2

|

Plot of the predicted versus experimental log KPE-a values.
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volume is a measure of the energy needed to overcome the
solvent molecular interactions to form a cavity for the
solute molecule. Furthermore, the McGowan volume is
also related to polarizability and/or hydrophobicity of the
solute. So, the McGowan volume can be a measure of the
exoergic solute-solvent general dispersion interaction that
arises through solute polarizability (Zhao et al. b;
Sprunger et al. ; Liu et al. ). The molecular orbital
theory as formulated by Mulliken and Hund has been very
successful in explaining and predicting chemical behaviors
for an enormous number of molecules (Zhou & Parr
). The highest occupied molecular orbitals (HOMO)
and the lowest unoccupied molecular orbitals (LUMO)
Figure 4

|

Plot of standardized residuals versus leverage values (Hat). The transverse
dashed lines represent ±3 standardized residuals, and the vertical dashed line

play an important role in governing chemical reactions.
The energy difference between the LUMO of an electron

represents warning leverage value (h*).

acceptor and the HOMO of an electron donor has long
chemicals with similar structure were calculated correctly
(Lyakurwa et al. ). The overestimated log KPE-a values

been used as a reactivity index (Zhou & Parr ). Previous
investigations have revealed that the EHOMO–ELUMO gap is

for dioxin may have resulted from the limited number of

an important stability index for the individual species con-

data points for this class of compounds, or the observed

cerned (Zhou & Parr ). So, chemical hardness (η,

(experimental) values have been inaccurate (Liu et al.

(EHOMO–ELUMO)/2) is a good index of orientation of electro-

). Experimental errors might be the reason why dioxin

philic aromatic substitution. A large HOMO–LUMO gap

was an outlier 3δ* as discussed by Gramatica (). This

implies high stability. High stability of a molecule reﬂects

erroneous prediction could probably be attributed to incor-

its lower reactivity toward chemical reactions in some

rect experimental data rather than to molecular structure.

sense (Zhou & Parr ). In the sense of lower reactivity

And there was no signiﬁcant impact on the model when

in chemical reactions, a large η indicates high stability for

the

was

the molecule of the compound. Dipole moment (DM) is

removed from the training set. In general, the AD of the

an overall descriptor of the electronic interaction among

TLSER model covered a multitude of structurally diverse

the solvent and solute molecules. It is well known that

compounds, including PAHs, PBDEs, PCBs, OCPs, poly-

DM is extremely important for various physicochemical

chlorinated dibenzo-p-dioxins and dibenzofurans.

properties, and many descriptions have been made to quan-

outlier

(2,3,7-chlorinated

dibenzo-p-dioxin)

tify the polarity effect. For example, molecular polarity
Mechanism interpretation

indicates chromatographic retention on a polar stationary
phase. The most obvious and often used quantity that

In the TLSER model, V, η and DM are the most important

describes polarity is the molecular dipole moment (Karelson

descriptors. Among them, V and DM were positively corre-

et al. ). The dipole moment decreases the adsorption

lated with log KPE-a, and η was negatively correlated with

coefﬁcients (KPE-a value). This is reasonable, because greater

log KPE-a. V is the McGowan volume. This descriptor,

DM would imply greater dipole-dipole and dipole-induced

which describes the cavity term, has been widely used to

dipole interactions between solutes and air, resulting in a

analyze physicochemical properties of solutes in chemistry.

greater tendency to be partitioned into air and a lower tox-

It can be calculated from the sum of all atomic contributions

icity (Chen et al. ). As demonstrated in this study,

for the compound, subtracting 6.56 cm3 mol1 for each

McGowan volume, chemical hardness and dipole moment

bond, regardless of whether it is a single, double or triple

were selected as the most relevant variables in the TLSER

bond (Zhao et al. a; Liu et al. ). The McGowan

model. It can be seen that large molecules cannot pass
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through the membrane easily, and need more energy to

OCPs) (Khairy & Lohmann ). The relationship with

permeate into the polymer membrane, which is not condu-

log KPE-a and log Koa is shown in Figure S1 (in the sup-

cive to partitioning behaviors (Yang et al. ; Bao et al.

plementary material, available with the online version of

; Liu et al. ).

this paper). A linear relationship between log KPE-a and

Model comparison

phase HOCs by PE is not as efﬁcient as their uptake by octa-

log Koa, was obtained. This suggested that uptake of gasnol, probably due to the rigid matrix of the polymer
Several researchers have developed different models for pre-

(Lohmann ). This ﬁeld calibration model was only per-

dicting the KPE-a value (Table 2). Bartkow et al. ()

formed for PAHs, PCBs, PBDEs and OCPs. And KPE-a are

presented KPE-a for three PAHs based on the comparison
between their accumulation in PE ﬁlm and gaseous concen-

not available for other classes of HOCs (Table 2).
Few TLSER models existed in previous studies, which

trations from active high-volume sampling (Bartkow et al.

could predict the distribution behavior of molecules

). In a follow-up study by Kennedy et al. (), a

between LDPE and the gas phase. In the current study, a

more rigorous correlation of KPE-a versus octanol-air partition coefﬁcient (Koa) was suggested for six PAHs. Ma
et al. () reported a correlation of Koa versus Kaw values
for predicting KPE-a. KPE-a values reported by Khairy & Lohmann () were in very good agreement with those
obtained according to the equation proposed by Bartkow
et al. (), with factor difference less than 46% in all the
investigated individual PAHs and similar to the prediction
by Lohmann () based on the partitioning of PAHs

TLSER model was developed with the aim of optimally correlating with the LSER model and hence being generally
applicable to solute/solvent interactions. Comparing with
previous results, the models proposed in this study had
many advantages, such as higher correlation coefﬁcient
(R 2), smaller value of RMSE and higher cross-validated coefﬁcient (Q 2). Furthermore, the present model had a broad
application domain, which included 97 compounds and
contained much more structurally diverse compounds.

between PE and water (Khairy & Lohmann ). In previous work, Khairy & Lohmann () reported that the

Practical applications

KPE-a versus Koa relation for OCPs explained only 32% of
the total variability in the data, and Koa values were not suit-

PAS has proven to be a widely used technique for measuring

able as predictors for KPE-a. And they obtained a strong

HOCs in the atmosphere. Chemical partition coefﬁcients

linear relationship between log KPE-a and log PL (subcooled

between the sorbent material and air (KPE-a) are signiﬁcant

liquid vapor pressure), which included only 59 compounds

for calculating chemical concentrations from passive

from three different chemical classes (PCBs, PBDEs and

sampling devices. We have established a TLSER model

Table 2

|

Overview of different predictive models for KPE-a

Parameter

ma

nb

R2

Chemicals

RMSE c

Reference

Koa

1

3

0.95

PAHs

NR

Bartkow et al. ()

Koa

1

6

0.84

PAHs

NR

Kennedy et al. ()

Koa

1

15

NR

PAHs

NR

Ma et al. ()

Koa

1

12

0.99

PAHs and alkylated PAHs

0.052

Khairy & Lohmann ()

PL

1

17

0.90

OCPs

0.19

Khairy & Lohmann ()

PL

1

59

0.96

PCBs, PBDEs and OCPs

0.22

Khairy & Lohmann ()

Koa

1

59

0.96

PCBs, PBDEs and OCPs

0.23

Khairy & Lohmann ()

V, η, DM

3

97

0.90

PAHs, PCBs, PBDEs, OCPs, PCDDs and PCDFs

0.34

Current study

a

m: the number of parameters; bn: the number of compounds; cRMSE: the root mean squared error; NR: not reported; Koa: the octanol-air partition coefﬁcient; PL: subcooled liquid vapor

pressure; V: McGowan volume; η : chemical hardness; DM: dipole moment.
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for predicting KPE-a values by molecular descriptor. The

applicability. Meanwhile, it can provide a theoretical basis

model had high correlation coefﬁcient (R 2), leave-one-out

and technical support for quickly obtaining the partition

cross-validation coefﬁcient

(Q 2LOO)

and bootstrapping coefﬁ-

coefﬁcient of HOCs in passive sampling materials.

cient (Q 2BOOT). Statistical parameters indicated that the
TLSER model appropriately ﬁtted the results, and also
showed robustness and predictive capacity. The results of
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