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Abstract: The quantitative structure property relationship (QSPR) for super-
cooled liquid vapour pressures (pL) of polybrominated diphenyl ethers 
(PBDEs) was investigated. The molecular distance–edge vector (MDEV) index 
was used as the structural descriptor. The quantitative relationship between the 
MDEV index and log pL was modelled by multivariate linear regression (MLR) 
and an artificial neural network (ANN). The leave-one-out cross validation and 
k-fold cross validation were performed to assess the prediction ability of the 
developed models. For the MLR method, the prediction root mean square rel-
ative error (RMSRE) of the leave-one-out cross validation and the k-fold cross 
validation were 9.95 and 9.05, respectively. For the ANN method, the pre-
diction RMSRE of the leave-one-out cross validation and the k-fold cross valid-
ation were 8.75 and 8.31, respectively. It was demonstrated that the established 
models were practicable for predicting the log pL values of PBDEs. The 
MDEV index was quantitatively related to the log pL of PBDEs. MLR and 
linear ANN were practicable for modelling this relationship. Compared with 
the MLR, the ANN method exhibited slightly higher prediction accuracy. Sub-
sequently, an MLR model, the regression equation of which was log pL = 
= 0.2868M11 – 0.8449M12 – 0.0605, and an ANN model, which was a two- 
-input linear network, were developed. The two models could be used to pre-
dict the log pL value of each PBDE. 

Keywords: QSPR; PBDEs; supercooled liquid vapour pressures; molecular dis-
tance–edge vector index; artificial neural network. 

INTRODUCTION 

Polybrominated diphenyl ethers (PBDEs) are a group of brominated organic 
compounds that have been widely used as flame-retardants in many products, 
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such as building materials, electronics, furnishings, coatings, plastics, textiles, 
etc.1,2 There are 209 PBDE congeners, distinguished by the number and position 
of bromine atoms. Although the production of some PBDEs has been restricted 
under the Stockholm Convention since 2010, PBDEs already exist in many envi-
ronmental compartments, such as water, air, soil, vegetation, animals and 
humans.3–6 They have gained increasing attention due to their environmental 
persistence, tendency to bioaccumulate through the food chain and risk to eco-
systems and human health.1,7,8 Being volatile organic compounds, the volatility 
of PBDEs may affect their fate and distribution in the environment. The super- 
-cooled liquid vapour pressures at 298.15 K (pL) is usually used to describe the 
volatility of non-polar organic pollutants and the equilibrium partitioning of a 
compound between the vapour phase and the liquid state. Thus, a quantitative 
study on the pL of PBDEs is of great importance to understand the distribution, 
fate and transportation of PBDEs in the environment. A study on the pL is also 
necessary for the design of extraction and cleanup techniques and for the envi-
ronmental modelling of PBDEs.4,9,10 Many studies focused on the pL of PBDEs 
have been reported.1,4–14 However, the determination of pL is still a hard diffi-
cult due to the complexity of the analytical methods, high cost of experiments, 
and lack of chemical standards of some PBDEs.4,9,10 To overcome this problem, 
much attention has been given to the quantitative structure property relationship 
(QSPR) method for a preliminarily estimate the pL of PBDEs. Several QSPR 
models for the pL of PBDEs were proposed.9–14 These studies demonstrated that 
it is practicable to predict the pL of PBDEs by using QSPR methods. However, 
some of the proposed QSPR models were not global models for the PL of PBDEs 
and the used structural descriptors were not satisfactory. There are many limit-
ations in the use of such models.4 In addition, the development of some QSPR 
models was not easy because quantum chemical descriptors were used.9,10 Act-
ually, the generation and selection of quantum chemical descriptors are always 
time-consuming and complicated in QSPR studies. The need to develop more 
easy-to-use QSPR models for the pL of PBDEs still exists. Therefore, the QSPR 
model for the pL of PBDEs was investigated in this work. The molecular dis-
tance–edge vector (MDEV) index15–19 was used as the structural descriptor of 
PBDEs. Multivariate linear regression (MLR) and linear artificial neural network 
(L-ANN) were employed to model the quantitative relationship between the pL 
and the MDEV index of PBDEs. 

CALCULATION METHODS 

Data set 

The MDEV index was calculated according to the approach presented in the following 
section. The calculated MDEV indexes are listed in Table S-I of the Supplementary material 
to this paper. The experimental pL values of the 22 PBDEs given in Table S-II of the 
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Supplementary material are the super-cooled liquid vapour pressures at 298 K. The values of 
the pL were taken from the literature.9  

Root mean square relative error (RMSRE) was used to indicate the prediction perfor-
mance of the obtained QSPR models. The RMSRE is defined as: 

 
( )2

iRE
RMSRE

n
=   (1) 

where REi is the relative error of the ith sample, and n is the number of samples. 

MDEV index 

When calculating the MDEV index of a PBDE molecule, each non-hydrogen atom is 
regarded as a point and each chemical bond is considered as an edge. The whole molecule is 
regarded as a topological graph. The relative electronegativity of each bromine atom and 
benzene ring is defined as 1. Correspondingly, the MDEV index is defined as:  

 2
,

1
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In Eq. (2), k and l are the type of atoms (k = 1 or l = 1 denotes the bromine atom, and k = 
2 or l = 2 denotes the benzene ring); items i and j are the coding number of a bromine atom or 
benzene ring. Additionally, i and j belongs to the kth and lth type, respectively. The dik,jl value 
represents the nearest relative distance between the ith and jth atom. For example, di1,j1 means 
the shortest relative distance between the ith and jth bromine atom. The relative distance 
between the two adjacent non-hydrogen atoms is defined as d = 1. According to Eq. (2), there 
are three elements, M11, M12 and M22, in the MDEV index for a PBDE molecule. For instance, 
the MDEV index of 2,2′,4,4′-PBDE should be calculated as follows: 
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Obviously, the M22 value of each PBDE is equal to 0.25. Thus, M11 and M12 were used 
to quantitatively describe the structure of the PBDEs.  

Artificial neural network  

ANN20-30 is a multivariate calibration method capable of modelling complex functions. 
Its basic processing unit is the neuron (node). An ANN comprises a number of neurons 
organized in different layers. A linear artificial neural network,26-30 is a kind of neural net-
work having no hidden layers, but an output layer with fully linear neurons (i.e., linear 
neurons with a linear activation function). It is the simplest ANN and is usually used to 
develop a linear model, In a L-ANN, the neurons between the input and output layers fully 
connect, while the neurons in the same layer do not. The basic architecture of a L-ANN is 
shown in Fig. 1. 
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Fig. 1. The architecture of the employed linear 
artificial neural network. 

In Fig. 1, xi (i = 1, 2,…, n), yj (j =1, 2,…, m) and wij are the input variables, output 
variables and the element of connection weight matrix W, respectively, and bj is the bias 
vector, which corresponds to the thresholds. The symbol fact() denotes the activation function. 
Prior to a training procedure, the input and output variables require normalization. When the 
network is executed, it effectively multiplies the input variables by the weights matrix, and 
then adds the bias vector. Hence, the post synaptic potential (PSP) function of a neuron can be 
described as follows: 

 
1

n

j i ij j
i

v x w b
=

= +  (4) 

Routinely, the activation function used in a L-ANN is a linear function described by: 

 yj = vj (5) 

As there are no non-linear functions or hidden neurons in the network, a L-ANN is ideal 
for dealing with linear problems. Actually, the training of a linear network means finding the 
optimal setting for the weight matrix W to minimize the root-mean-squared-error of the calib-
ration set. In order to achieve this aim, known samples are generally divided into two sets: a 
training set and a verification set. The network is trained using the training set, but is also 
tested after each epoch using the verification set. The training should be stopped once a det-
erioration in the verification error is observed. Overfitting and overlearning can be effectively 
avoided in this way. Although the verification set is used to identify the best network, actu-
ally, training algorithms do not use the verification set to adjust the weights of the network. A 
standard pseudo-inverse linear optimization algorithm26 is usually employed to train the net-
work. This algorithm uses the singular value decomposition technique to calculate the pseudo-
inverse of the matrix needed to set the weights in a linear output layer, so as to find the least 
mean squared solution. Essentially, it guarantees finding the optimal setting for the weights in 
a linear layer.  

The main difference between a MLR and a L-ANN is the optimization algorithm. In a 
MLR, the aim of the least square algorithm is to minimize the sum of the squared residuals of 
the training set. As for L-ANN, the aim of the training algorithm is to minimize the root mean 
squared error of the verification set.26 Thus, the prediction ability of a L-ANN is usually 
superior to that of a MLR. 

_________________________________________________________________________________________________________________________
Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



 SUPERCOOLED LIQUID VAPOR PRESSURES OF POLYBROMINATED DIPHENYL ETHERS 503 

Leave-one-out cross validation 

The leave-one-out cross validation18-20,27,31 is a conventional algorithm for estimating 
the predictive performance of a multivariable calibration model. Usually, practical calibration 
experiments have to be based on a limited set of available samples. The idea behind the leave- 
-one-out cross validation algorithm is to predict the property value of each sample in turn with 
the calibration model developed with the remaining samples. When applying the algorithm to 
a dataset with N samples, the calibration modelling is performed N times, each time using N–1 
samples for the modelling and one sample for testing. Thus, the procedure of leave-one-out 
cross validation can be divided into N segment. In each segment i (i = 1,…, N), there are three 
steps: 1) taking sample i out as temporary ‘test set’, which is not used to develop the calib-
ration model, 2) developing a calibration model with the remaining N–1 samples, 3) testing 
the developed model with sample i, calculating and storing the prediction error of the sample. 
The advantage of leave-one-out cross validation over random sub-sampling is that each sample 
is used for both training and validation, and each sample is used for validation exactly once. 

k-Fold cross validation 

In k-fold cross validation,32,33 the original N samples are randomly partitioned into k 
equal size subgroups, called folds (if k = N, this is equivalent to the leave-one-out cross 
validation). Of the k subgroups, a single subgroup is retained as the test set for testing the 
model, and the remaining k−1 subgroups are used as the training set for generating the model. 
The cross validation process is then repeated k times, with each of the k subgroups used 
exactly once as the test set. The k results from the folds can then be averaged (or otherwise 
combined) to produce a single estimation.  

Software 

All data processing was realized with subroutines developed under Matlab (ver. 7.0). The 
computation was performed on a personal computer equipped with Core2 T9400 processor.  

RESULTS AND DISCUSSION 

The MDEV index of the investigated 22 PBDEs was calculated. The 
obtained MDEV indexes are listed in Table S-I of the Supplementary material. 
Clearly, the MDEV indexes of different PBDE molecules are quite different. It 
was demonstrated that MDEV index can describe the structural differences 
among these PBDE molecules. Thus, it is reasonable to use the MDEV index as 
the structural descriptor for developing a QSPR model of PBDEs.  

MLR model  

Generally, a simple model should always be chosen in preference to a com-
plex model unless the latter fits the data better. Thus, first, it was investigated 
whether MLR is practicable to model the quantitative relationship between the 
MDEV index and log pL value of these PBDEs. The MDEV index was used as 
the independent variable and log pL as the dependent variable to develop the 
regression model. In order to assess the predictive ability of the developed model, 
two validation methods, leave-one-out cross validation and k-fold cross valid-
ation, were performed. The results of the leave-one-out cross validation are pre-
sented in Table S-II of the Supplementary material, from which it could be seen 

_________________________________________________________________________________________________________________________
Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCS. All rights reserved.



504 JIAO et al. 

that the predicted log pL values were in agreement with the experimental values 
of log pL. For the 22 compounds, the RMSRE of prediction was 9.95. Moreover, 
the predicted log pL values were plotted versus the experimental values (shown 
in Fig. 2a) and the plot showed a linear relationship (y = 0.9470x – 0.1433 with 
R = 0.9853) between the predicted and experimental log pL values. Subsequently, 
k-fold cross validation was performed to assess further the predictive ability of 
the MLR model. In this procedure, the 22 samples were partitioned into 7 folds. 
There were 4 samples in each fold. The prediction results of the k-fold cross val-
idation are given in Table S-III of the Supplementary material. As shown in this 
table, the predicted log pL values were still in agreement with the experimental 
values. For the 7 folds, the total prediction RMSRE was 9.05. A plot of the pre-
dicted log pL values versus the experimental values (presented in Fig. 2b) shows 
a linear relationship (y = 0.9591x – 0.0722 with R = 0.9818). The results of the 
leave-one-out and k-fold cross validation demonstrate that the MDEV index is 
quantitatively related to the log pL of these PBDEs. MLR was shown to be prac-
ticable for modelling the quantitative relationship between the MDEV index and 
log pL. Obviously, a linear QSPR model based on the MDEV index could be 
used to predict the log pL values of PBDEs. Hence, an MLR model was dev-
eloped using the 22 PBDEs listed in Table S-I of the Supplementary material. 
The obtained regression equation was log pL = 0.2868M11 – 0.8449M12 – 0.0605. 
The R2, standard error of the estimate and the F value of the regression model 
were 0.9800, 0.2007 and 466.5, respectively. Thus, this model could be used to 
predict the log pL value of all the PBDEs. 

 
Fig. 2. Experimental log pL values vs. the log pL values predicted by the MLR model: a) 
results of the leave-one-out cross validation and b) results of the k-fold cross validation. 
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L-ANN model 

Besides MLR, L-ANN, which is the simplest artificial neural network, is a 
commonly used linear calibration method in QSPR studies. Thus, it was inves-
tigated whether a better model could be established using a L-ANN. A 2–1 L-ANN 
(i.e., 2 input variables and 1 output variable in the network) was used to establish 
the calibration model. The used activation function is presented as Eq. (5). The 
MDEV index and log pL were used as input and output variables, respectively. 
Prior to the training procedure, the input and output variables were normalized. 
In each run of the ANN, the verification set comprised four randomly selected 
samples.  

The leave-one-out cross validation and k-fold cross validation were still 
performed to assess the prediction performance of the developed model. The 
results of the leave-one-out cross validation are listed in Table S-II of the Sup-
plementary material. As shown in Table S-II, the predicted log pL values were in 
good agreement with the experimental log pL values. For all 22 compounds, the 
RMSRE of the prediction was 8.75. Moreover, the predicted log pL value were 
plotted versus the experimental ones (presented in Fig. 3a) and the plot showed a 
linear relationship (y = 0.9515x – 0.1309 with R = 0.9873) between the predicted 
and experimental log pL values. The results of the k-fold cross validation are 
given in Table S-III. As shown in the table, the predicted log pL values were also 
in good agreement with the experimental log pL values. For the 7 folds, the total 
prediction RMSRE was 8.31. The plot of the predicted log pL versus the 
experimental log pL values (presented in Fig. 3b) showed a linear relationship (y 
= 0.9643x – 0.0557 with R = 0.9826). Obviously, the prediction accuracy of the 
L-ANN model was slightly better than that of the MLR model. Using the L-ANN 
was slightly better than using the MLR for the prediction of the log pL values of 

 
Fig. 3. Experimental log pL values vs. the log pL values predicted by the L-ANN model: a) 
results of the leave-one-out cross validation and b) the results of the k-fold cross validation. 
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the PBDEs. It was demonstrated that L-ANN is a practicable and promising 
method for modelling the quantitative relationship between the MDEV index and 
log pL of PBDEs. Thus, a 2–1 L-ANN model was developed by using the 22 
PBDEs listed in Table S-1 of the Supplementary material as the calibration set. 
The verification set for training the model comprises 4 randomly selected 
samples. The input and output variables were normalized in the training 
procedure. This model could be used to predict the log pL values of all PBDEs.  

CONCLUSIONS 

A method for developing a QSPR model of the supercooled liquid vapour 
pressures of PBDEs was investigated. The MDEV index, which can be generated 
easier than quantum chemical descriptors, was used as the structural descriptor of 
the PBDEs. Accordingly, the use of the MDEV index as structural descriptor was 
more convenient than using quantum chemical descriptor when developing a 
QSPR model for the pL of PBDEs. Calibration models between the MDEV index 
and log pL were established using MLR and ANN methods. The predictive abil-
ity of the developed models was assessed using leave-one-out cross validation 
and k-fold cross validation. The validation result demonstrated that the MDEV 
indexes of the PBDEs were quantitatively related to the log pL values of the 
PBDEs. Thus, it was reasonable to establish the QSPR model for the log pL 
values of the PBDEs based on the MDEV index. In addition, the result indicated 
that both MLR and L-ANN are practicable for modelling the quantitative rel-
ationship between the MDEV index and log pL value of PBDEs. In summary, the 
proposed method should be easy-to-use and practicable for predicting the log pL 
values of PBDEs. Therefore, an MLR model and an ANN model, which could be 
used to predict the log pL values of all PBDEs, were developed. The regression 
equation of the MLR model was log pL = 0.2868M11 – 0.8449M12 – 0.0605. The 
ANN model was a 2–1 L-ANN that was trained using the 22 known PBDEs as a 
calibration set. 

SUPPLEMENTARY MATERIAL 

MDEV indexes of the investigated PBDEs and results of the leave-one-out cross 
validation and k-fold cross validation, Tables S-I–S-III. respectively, are available electro-
nically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.  
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И З В О Д  
QSPR СТУДИЈА НАПОНА ПАРЕ СУПЕРОХЛАЂЕНИХ ПОЛИБРОМОВАНИХ ДИФЕНИЛ 

ЕТАРА ПРИМЕНОМ МОЛЕКУЛСКОГ ВЕКТОРСКОГ ИНДЕКСА 

LING JIAO
1,2

, XIAOFEI WANG
2
, SHAN BING

1
, ZHIWEI XUE

3
 и HUA LI

2 

1Xi’an Shiyou University, Xi’an, P. R. China, 2Northwest University, Xi’an, P. R. China и 3Research lnstitute 
of Nuclear Industry, Xianyang, P. R. China 

Испитивана је квантитативна релација између структуре и својстава (QSPR) за 
напон паре суперохлађених полибромованих дифенил етара (PBDE). Као структурни 
дескриптор, примењен је молекулски векторски индекс MDEV. Корелација између 
напона паре и MDEV анализирана је мултиваријантном линеарном регресијом (MLR) 
помоћу вештачких неуронских мрежа (ANN). Показано је да добијени модели омогућују 
квантитативно предвиђање напона паре за PBDE. Методом ANN се постижу нешто тач-
нији резултати него са MLR. 

(Примљено 17. јула, ревидирано 30. августа, прихваћено 1. септембра 2014) 
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