
Introduction

Plastics are generally produced by the polymerization 
of monomers derived from oil, gas, or coal, and they 

are organic polymers with a high molecular weight [1], 
for example, polyvinyl chloride (PVC), polystyrene 
(PS), polyethylene (PE), polypropylene (PP), and 
polyester (PET) [2]. As a kind of high-molecular-weight 
polymer, plastics have a strong intermolecular force, 
high melting point, and small processing-temperature 
range. Therefore, a plasticizer is needed to reduce the 
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intermolecular force and increase the mobility of the 
molecular chain in the process of plastic production and 
processing [3]. Phthalic acid esters (PAEs) are the main 
additive component of plasticizers in plastic products, 
accounting for about 85% of the global plasticizer 
market [4-5], and are widely used in all kinds of 
plasticizers. PAEs are used as plasticizers in the 
polymer industry to improve suppleness, machinability, 
and general handing properties, and 80% of plasticizers 
for this purpose are PAEs [6].

PAEs are semi-volatile organic compounds 
(SVOCs), which volatilize from plastic products and 
migrate to the external environment over the time 
during the processing and use of plastics [7]. With 
the rapid development of the plastic industry and the 
widespread applications of plastic products, PAEs will 
enter the environment in large quantities and exist 
in the atmosphere, soil, oceans, rivers, and lakes, 
making them one of the most ubiquitous pollutants in 
the world. PAEs have the characteristics of biotoxicity, 
bioaccumulation, and refractory degradation, and will 
remain at a certain residual level in the environment [8]. 
Because there is no acute toxicity of PAEs, people may 
inadvertently come in contact with PAEs or be exposed 
to PAEs for a long time [9], which will gradually harm 
their health [10]. PAEs also impact the estrogen activity 
[11], which can lead to sexual prematurity in women 
[12] and harm the human liver tissue [13], reproductive 
development, and central nervous system [14]. Since 
PAEs have reached a level that can be detected in major 
industrialized countries around the world, the U.S. 
Environmental Protection Agency (EPA) has designated 
six PAEs – di-n-octyl phthalate (DNOP), dibutyl 
phthalate (DBP), dimethyl phthalate (DMP), diethyl 
phthalate (DEP), butyl benzyl phthalate (BBP), and  
di-(2-ethylhexyl) phthalate (DEHP) – as environmental 
priority pollutants. Of these, DMP, DBP, and DNOP  
are listed as environmental priority pollutants in China 
[15].

The plasticizer and plastic molecules experience the 
van der Waals force, and a hydrogen bond exists between 
the two. Further, plasticizers are prone to migration and 
diffusion. There are four main modes of plasticizer 
migration and diffusion [16]: (1) The plasticizers 
volatilize from the surface of plastic products into 
the atmosphere. (2) The plasticizers are extracted out 
via a liquid phase in contact with the plastic. (3) The 
plasticizers migrate and diffuse into solid or semi-
solid materials in contact with plastic products. (4) 
The plasticizers ooze from the plastic under pressure. 
The volatilization and diffusion of plasticizers can 
be considered as small molecules migrating between 
the polymer chain segments. Common methods for 
inhibiting the plasticizer diffusion and migration are 
reducing the movement of the polymer chain segment, 
reducing the space between molecular chains of the 
polymer and mixing with other materials [3]. The 
modification of the plasticizer to reduce the volatility 

of PAEs in order to inhibit its diffusion and migration 
is also worth studying. Some scholars have explored 
the volatility of PAEs in the environment [17-18]. As a 
medium-polarity substance, PAEs are soluble in organic 
solvents but insoluble in water [19]. Therefore, when the 
water environment changes, PAEs can easily migrate 
from the water to the atmosphere. The migration trend 
of PAEs from water to the atmosphere can be described 
by the chemical equilibrium coefficient between water 
and the atmosphere (i.e., the ratio of the atmospheric 
pressure to the molar concentration of the solution), 
namely, Henry’s constant (H). If H of a substance is 
lower than 10–7, no volatilization occurs in the aqueous 
solution. For both low-molecular-weight and high-
molecular-weight PAE solutions, the H value ranges 
from (1.2-8.8)×10–5 to (1.7-5.5)×10–5, respectively, which 
are all higher than 10–7. Moreover, as the H value 
of PAEs increases, the probability of volatilization 
from water to the atmosphere also increases [20]. The 
vapor pressure is an important physical, and chemical 
parameter used to characterize the migration trend 
of pure compounds into the air. It can be used as an 
evaluation standard for the mobility of substances:  
the greater the vapor pressure is, the higher mobility is 
[21].

Molecular modification is a mature science and 
technology method for improving the properties 
of substances. In recent years, some scholars have 
explored and studied the optimization of various 
properties of PAEs utilizing molecular modification. 
Qiu et al. [22] constructed a pharmacophore model 
of estrogen activity, and molecular modification and 
high fluorescence intensity was used as a screening 
method to obtain 12 PAE derivatives with low estrogen 
activity and high fluorescence intensity. Han et al. [23] 
constructed a pharmacophore models of PAEs’ hormone 
combined activity and performed a common hydrogen 
bond donor substitution reactions on PAEs molecules. 
11 PAE derivative molecules with significantly reduced 
combined activity and single activity were screened, 
and it confirmed the feasibility of the modified PAEs 
modification scheme with reduced combined activities 
of hormones. Li et al. [24] established a 3D-QSAR 
model for the toxicity and estrogen combined activities 
of PAEs. 4 kinds of PAE derivatives with practicability 
and environmental friendliness were designed, and 
the molecular docking mechanism showed that the 
reduced hydrophobicity may affect the binding effect 
in estrogen-related proteins. Zhang et al. [25] modified 
the phthalate acid esters with multispectral activity 
pharmacophore model, and provided theoretical support 
for the development of technology to enhance spectrum 
detection for phthalate acid esters. Qiu et al. [26] 
constructed a 3D-QSAR pharmacophore models of UV 
absorption intensities for PAEs and designed 14 PAE 
derivatives. The effects of solvation and derivatization 
on the UV absorption intensities were analyzed. Zhang 
et al. [27] used the ideal point method, a flammability, 
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biotoxicity, and enrichment multi-effect 3D-QSAR 
model for PAEs was developed, and it has been 
successfully applied to the modification of PAEs with 
high flame retardancy, low biological toxicity and low 
enrichment. Zhang et al. [28] constructed a 3D-QSAR 
pharmacophore model with dual biodegradation effects 
and designed PAE derivative molecules with high 
biodegradability in marine and freshwater environments 
based on the model. Zhang et al. [29] constructed a 
3D-QSAR model of the comprehensive biodegradability 
of PAEs and designed for PAE derivatives suitable for 
degradation by plasticizer-degrading bacteria. Majority 
of studies in the existing literature focused on PAEs’ 
environmental friendliness related factors such as 
toxicity and bio-enrichment, as well as dedicated to 
enhancing the various functions of PAEs. There is 
almost no research on the volatility of PAEs, especially 
on the application of PAEs volatility parameters for 
molecular modification. Considering that the volatility 
of PAEs is one of the most important factors affecting 
its performance as a plasticizer, this paper focuses on 
the research in this field.

In this paper, a three-dimensional quantitative 
structure-activity relationship (3D-QSAR) model was 
constructed based on PAE volatility evaluation index. 
DMP was used as the target molecule for modification. 
Through the comparison and analysis of the  
three-dimensional potentiometric map of the CoMSIA 
model of the target molecule, the modification sites 
of the target molecule were determined, suitable 
groups were selected for substitution reaction, and 
PAE derivative molecules with lower volatility than 
the target molecule were designed. The environmental 
friendliness (toxicity, persistence, and bio-enrichment) 
of PAE derivatives was evaluated by using the 
comprehensive environmental friendliness model, and 
for the first time, the reasonability of designed PAE 
derivative molecules are analyzed and verified using 
“element and chemical-bond contributions analysis”. 
The aim is to design a low volatile and environmentally 
friendly plasticizer and use its stability enhancement to 
improve the stability of plastics.

Materials and Methods

Data Sources

In this study, the volatility of PAEs is used as the 
index to evaluate the stability of PAEs. The volatility 
is characterized by the vapor pressure (VP) of PAEs. 
VP values of 17 PAE molecules were selected as the 
data source to construct the 3D-QSAR model of PAE 
molecules. The VP data for BBP, DBP, DEP, DHP, and 
DMP are quoted from Wei’s research [30]. The VP data 
for DAP, DIBP, DIHP, DIHXP, DIPP, DIPRP, DMEP, 
DNOP, DPP, DPRP, DTDP, and DUP were predicted by 
using the EPI Suite software.

Method for Constructing PAE Molecular Volatility 
(VP) CoMSIA Model

In this study, the 3D-QSAR module in the 
Sybyl-x2.0 software of Tripos Company was used for 
analysis, and the PAE molecular volatility was selected 
as the parameter to construct the CoMSIA model. 
By applying the Minimize module in Sybyl-x2.0,  
the structure of painted PAE molecules was optimized, 
the Powell conjugate gradient method was used, and  
the Tripos molecular force field was selected. The 
molecular charge was the Gasteiger-Hückel charge, 
and the energy convergence standard was set as 
0.005 kcal•mol–1. The number of iterations was set at 
10000, and other parameters are set as default values. 

The most stable conformer of PAEs (the highest VP 
value) is usually the most active molecule, and it also 
acts as a template molecule. In this study, DMP is 
used as a template molecule, because DMP has the 
highest activity among DMP, DNOP, and DBP. Other 
compounds perform substituent transformation and 
optimization of the structure of this template molecule 
to obtain a stable conformation, thus enabling the 
building of a molecular library. The database alignment 
module was used to perform the skeleton superposition 
of the compound.

First, 15 known VP values of 17 PAEs were randomly 
selected. At the ratio of 3:1, 12 PAEs were used as the 
training sets, and 4 PAEs were used as test sets. The 
partial least square regression (PLS) was used for the 
analysis. The compounds in the training set were cross-
validated by using the leave-one-out method module, 
so as to obtain the cross-validation coefficient q2 and 
the optimal number of principal components n. Then, 
the regression analysis was conducted by no-validation 
regression to obtain the non-cross validation coefficient 
R2, values standard deviation SEE, test value F, and 
the contribution of the force field (steric, hydrophobic, 
and electrostatic field). Finally, the scrambling stability 
test was used to evaluate the robustness of the model 
(evaluation parameters were Q2, cSDEP, and dQ2/dr2yy), 
and in combination with cross-validation, to further test 
the external prediction ability of the model (evaluation 
parameters were SEP and r2

pred). The substituent 
sites and the substituent groups were determined by 
analyzing the three-dimensional equipotential map 
information of the model.

Methods for Evaluating Environmental 
Friendliness and Functional Properties 

of PAE Derivatives

The environmental friendliness of PAEs before 
and after modification can be characterized on the 
basis of three aspects: biotoxicity, persistence, and  
bio-enrichment. If the modified PAE derivative 
molecules have a lower biotoxicity, persistence, and 
bio-enrichment than the unmodified PAE derivative 
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molecules, the modified PAE molecules can be 
considered to be environmentally friendly. In this 
study, PAE molecular biotoxicity, persistence, and bio-
enrichment models constructed by Qiu et al. [22] were 
used to predict their environmental harmfulness before 
and after modification. The biotoxicity was characterized 
on the basis of the lethal concentration 50% (LC50) of 
PAEs [31]. The bio-enrichment was characterized on 
the basis of bioconcentration factors (logBCF) of PAEs 
[32]. The persistence was characterized on the basis of 
the half-life (logt1/2) of PAEs [33]. 

The energy gap, total energy, and frequency were 
used to evaluate the functional characteristics of PAEs 
before and after molecular modification [34]. The 
energy gap value is an important parameter that reflects 
the conductivity of a material, and it is the minimum 
energy required for electron excitation. Moreover, the 
larger energy gap value is, the weaker conductivity will 
be [35]. The total energy value represents the stability 
of the molecule in the environment. The frequency is 
used to determine whether the molecule is stable in 
the environment. In this study, using the Gaussian  
09 software and based on the density functional theory 
(B3LYP), the 6–31G* base group was used to calculate 
the energy gap, total energy, and frequency of PAEs 
before and after modification. 

Results and discussion 

Construction of a 3D-QSAR Model 
of PAE Molecules

The VP value of PAE molecules was predicted by 
Wei [19] and by using the EPI suite, and the specific 
values are listed in Table 1.

Table 1 shows that the DMP, which is a priority 
pollutant, has the highest vapor pressure in the 
PAE molecular environment, and it was selected 
as the template molecule. In order to construct the 
PAE molecular volatility CoMSIA model, 15 PAE 
molecules were randomly selected for common skeleton 
superposition. The CoMSIA model parameters are 
shown in Table 2. As Table 2 shows, n was 8, and q2 
was 0.785 (>0.5), indicating clearly that the model had 
a reliable predictive ability [36-37]. Further, SEE was 
0.01 (<0.95), F was 186.087, and R2 was 0.998 (>0.9), 
meaning that the model had the good fitting ability 
[38]. In addition, Q2 was 0.396, cSDEP was 0.169, and 
dq2/dr2yy was 2.912, showing that the model had good 
stability [39]. The test sets perform external validation, 
and SEP and r2

pred were 0.071 and 0.532 (>0.5), 
respectively, indicating that the model had a good ability 
for external prediction [40]. In the CoMSIA model, the 
contributions of the electrostatic field, hydrophobic field, 
steric field, hydrogen bond acceptor field, and hydrogen 

Table 1. The vapor pressure values of PAE molecules.

No. PAEs VP (Pa) Formula

1 Training set molecule aBBP 0.011 C19H20O4

2 Training set molecule aDBP 0.097 C16H22O4

3 Training set molecule aDEP 0.220 C12H14O4 

4 Test set molecule aDHP 0.019 C20H30O4 

5 template molecule aDMP 0.220 C10H10O4 

6 Test set molecule bDAP 0.155 C14H14O4 

7 Training set molecule bDIBP 0.322 C16H22O4

8 Training set molecule bDIHP 0.276×10-2 C22H34O4 

9 bDIHXP 0.057×10-1 C20H30O4 

10 Training set molecule bDIPP 0.638×10-5 C18H26O4

11  bDIPRP 0.351 C14H18O4 

12 Training set molecule bDMEP 0.303×10-1 C14H18O6

13 Training set molecule bDNOP 0.194 ×10-3 C24H38O4 

14 Training set molecule bDPP 0.261×10-1 C18H26O4 

15 Test set molecule bDPRP 0.102 C14H18O4

16 Training set molecule bDTDP 0.335×10-8 C34H58O4 

17 Training set molecule bDUP 0.163×10-6 C31H52O4

a  is the vapor pressure value of the molecule from the literature, b is the vapor pressure value of the molecule from 
the EPI prediction.
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bond donor field were 23.00%, 33.10%, 28.20%, 0.00%, 
and 15.70%, respectively. This shows that the electrical 
distribution, hydrophobicity, and spatial effect of the 
groups are the main factors affecting the volatility of 
PAE homologs.

Modification of Target Molecule Based on 
CoMSIA Model of PAEs

As Fig. 1 shows, DMP template molecules were 
used to analyze the three-dimensional potentiometric 
map of PAE molecules. In the electrostatic field, the 
introduction of both, negative charge groups into the 
blue area or positive charge groups into the red area, 
was beneficial in reducing the volatility of compounds. 
In the hydrophobic field, hydrophilic groups were 
introduced in the yellow area or hydrophobic groups 
were introduced in the white area to reduce the 
volatility of compounds. In the steric field, because the 
modification site is -CH3 and there is no group with a 
smaller relative molecular weight than -CH3, the effect 
of the three-dimensional field is not considered. 

To sum up, as shown in Fig. 2, in order to reduce 
the volatility of compounds, negative charge groups can 
be introduced at site 1 and hydrophilic groups can be 
introduced at site 1’ for molecular modification. 

In this study, by analyzing the three-dimensional 
potentiometric map of the CoMSIA model and 
determining the modification site of the target 
molecule, 11 negative-charge groups were selected 
as the modifying groups to modify site 1 of the DMP 
molecule: these groups were ethyl (-CH2CH3), phenyl 
(-C6H5), aldehyde (-CHO), carboxyl (-COOH), methoxy 
(-OCH3), silicon alkyl (-SiH3), hydroxyl (-OH), formyl 
oxygen radicals (-OCHO), acetoxyl (-OCOCH3), 
sulfhydryl (-SH) and amino (-NH2). In addition, four 
hydrophilic groups were selected as modifying groups 
to modify site 1’ of the DMP molecule: these groups 

were hydroxyl (-OH), aldehyde (-CHO), carboxyl 
(-COOH), and amino (-NH2).

Prediction and Evaluation of Molecular Volatility 
of PAE Derivatives

The CoMSIA model was used to modify site 1 of 
PAEs molecule DMP, as well as site 1 and site 1’ at the 
same time, and 11 single substituted derivatives and  
44 disubstituted derivatives were obtained. The 
predicted volatility and the rate of change are listed in 
Table 3.

As shown in Table 3, among the 11 derivatives 
modified by the mono-substitution reaction at site 1 of 
the DMP, seven derivatives had a lower volatile value 
than the target molecule; further, the five derivatives 
of them, namely, DMP-2, DMP-4, DMP-6, DMP-8, 
and DMP-9 had a modified effect higher than 10%, 
and there was a 14.55% to 25.91% decrease in their 
rate of volatility compared than DMP. Among the  
44 derivatives modified by the disubstituted reaction 
at sites 1 and 1’ of DMP, thirty derivatives had lower 
a volatile value than the target molecule; further,  
the fourteen derivatives of them, namely, DMP-12, 

Table 2. Evaluation parameters of PAE molecular volatility CoMSIA model.

Model q2 n SEE R2 F r2
pred SEP Q2 cSDEP dq2/dr2yy

CoMSIA 0.783 8 0.010 0.998 186.087 0.532 0.071 0.396 0.169 2.912

Fig. 2. Selection of molecular modification sites for PAE 
derivatives.

Fig. 1. Contour maps of the CoMSIA model: a) electrostatic fields; b) hydrophobic fields.
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Table 3. Predicted value and rate of change of Volatile CoMSIA model of PAE derivatives.

PAEs
Replace the site Volatility

Site 1 Site 1’ Predicted value (Pa) Change rate (%)

Target DMP — — 0.220 —

Single substituted reaction

DMP-1 -CH2CH3 — 0.215 -2.27

DMP-2 -C6H5 — 0.163 -25.91

DMP-3 -CHO — 0.232 5.45

DMP-4 -COOH — 0.114 -48.18

DMP-5 -OCH3 — 0.244 10.91

DMP-6 -SiH3 — 0.188 -14.55

DMP-7 -OH — 0.249 13.18

DMP-8 -OCHO — 0.186 -15.45

DMP-9 -OCOCH3 — 0.169 -23.18

DMP-10 -SH — 0.204 -7.27

DMP-11 -NH2 — 0.274 24.55

Disubstituted reaction

DMP-12 -CH2CH3 -OH 0.165 -25.00

DMP-13 -CH2CH3 -CHO 0.219 -0.45

DMP-14 -CH2CH3 -COOH 0.148 -32.73

DMP-15 -CH2CH3 -NH2 0.183 -16.82

DMP-16 -C6H5 -OH 0.206 -6.36

DMP-17 -C6H5 -CHO 0.150 -31.82

DMP-18 -C6H5 -COOH 0.154 -30.00

DMP-19 -C6H5 -NH2 0.174 -20.91

DMP-20 -CHO -OH 0.197 -10.45

DMP-21 -CHO -CHO 0.211 -4.09

DMP-22 -CHO -COOH 0.199 -9.55

DMP-23 -CHO -NH2 0.228 3.64

DMP-24 -COOH -OH 0.243 10.45

DMP-25 -COOH -CHO 0.278 26.36

DMP-26 -COOH -COOH 0.208 -5.45

DMP-27 -COOH -NH2 0.219 -0.45

DMP-28 -OCH3 -OH 0.202 8.18

DMP-39 -OCH3 -CHO 0.229 4.09

DMP-30 -OCH3 -COOH 0.189 -14.09

DMP-31 -OCH3 -NH2 0.195 -11.36

DMP-32 -SiH3 -OH 0.217 -1.36

DMP-33 -SiH3 -CHO 0.201 -8.64

DMP-34 -SiH3 -COOH 0.214 -2.73

DMP-35 -SiH3 -NH2 0.197 -10.45

DMP-36 -OH -OH 0.224 -1.82

DMP-37 -OH -CHO 0.248 12.73

DMP-38 -OH -COOH 0.243 10.45
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DMP-14, DMP-15, DMP-17, DMP-18, DMP-19, DMP-
20, DMP-30, DMP-31, DMP-35, DMP-44, DMP-46, 
DMP-47, and DMP-49 had a modified effect higher 
than 10%, and there was a 10.45% to 48.18% decrease 
in their rate of volatility compared than DMP.

In summary, 37 PAE derivatives with significantly 
reduced volatility were designed based on single 
substituted and disubstituted reactions. In this study, 
19 PAE derivatives whose modification effect was 
higher than 10% were selected as research objects for 
evaluation of their environmental friendliness.

Environmental Friendliness and Functional 
Evaluation of PAE Derivatives

The PAE molecular toxicity, persistence, and bio-
enrichment model constructed by Qiu et al. [22] 
was used to predict the environmental friendliness 
of the 19 PAE molecular derivatives. The toxicity, 
persistence, and bio-enrichment were used as indicators 
to characterize the environmental friendliness of PAE 
before and after molecular modification. The specific 
evaluation parameters are listed in Table 4.

As Table 4 shows, as per the PAE model prediction 
results, the following 12 derivatives show lower 
molecular toxicity between 31.34% and 37.12%  
(LC50 value is higher): DMP-4, DMP-6, DMP-
8, DMP-9, DMP-20, DMP-30, DMP-31, DMP-35,  
DMP-44, DMP-46, DMP-47, and DMP-49. Further, 
seven derivatives show higher molecular toxicity (LC50 
value is lower), so they do not conform to the standards 
for environmental friendliness. The prediction results 

of the PAE persistence model show that the logt1/2 
values of the following 11 PAE derivative molecules 
are lower: DMP-2, DMP-4, DMP-6, DMP-8, DMP-
9, DMP-12, DMP-14, DMP-35, DMP-44, DMP-
46, and DMP-47; it is speculated that the lifetime is 
reduced in the environment. The persistence values of 
the remaining eight derivatives are higher and do not 
meet the requirements of environmental friendliness. 
These results indicate that seven PAE derivatives met 
the requirements of low toxicity and low persistence: 
DMP-4, DMP-6, DMP-8, DMP-9, DMP-44, DMP-46, 
and DMP-47. Further, the prediction of the PAE bio-
enrichment model shows that the logBCF values of 
these seven are higher (with different values). According 
to Dacies et al. [41], when the logBCF value is less than 
3, the impact on the environment is negligible. The 
logBCF values of these seven derivatives are between 
0.735 and 1.136, so they all meet the requirements of 
low bio-enrichment.

The functional characteristics of PAE derivatives 
were characterized on the basis of their total energy, 
energy gap, and frequency, and the Gaussian software 
was used for calculations (Table 5). As Table 5 shows, 
the molecular total energy values of the seven DMP 
derivatives were all lower than that of DMP, by 30.42%, 
36.55%, 21.68%, 27.40%, 32.60%, 49.09%, and 29.72%, 
indicating that the stability of the designed DMP 
derivatives in the environment was higher than that of 
the target molecule. In addition, the energy gap values 
of the seven DMP derivatives remained nearly the same 
as that of DMP, with a deviation of only about 3% 
(from –1.30% to 2.40%), indicating that the insulation 

Table 3. Continued.

Disubstituted reaction

DMP-39 -OH -NH2 0.219 -0.45
DMP-40 -OCHO -OH 0.210 -4.55

DMP-41 -OCHO -CHO 0.231 5.00

DMP-42 -OCHO -COOH 0.222 0.91
DMP-43 -OCHO -NH2 0.211 -4.09

DMP-44 -OCOCH3 -OH 0.164 -25.45

DMP-45 -OCOCH3 -CHO 0.260 18.18

DMP-46 -OCOCH3 -COOH 0.117 -46.82

DMP-47 -OCOCH3 -NH2 0.158 -28.18

DMP-48 -SH -OH 0.201 -8.64

DMP-49 -SH -CHO 0.189 -14.09

DMP-50 -SH -COOH 0.216 -1.82

DMP-51 -SH -NH2 0.235 6.82

DMP-52 -NH2 -OH 0.230 4.55

DMP-53 -NH2 -CHO 0.228 3.64

DMP-54 -NH2 -COOH 0.219 -0.45

DMP-55 -NH2 -NH2 0.235 6.82
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performance of the modified derivatives remained 
nearly unchanged. The frequency values of the seven 
DMP derivatives were all greater than 0, so the newly 

designed DMP derivatives could theoretically exist 
stably in the environment [33].

Table 4. Evaluation of environmental friendliness of PAE derivatives.

Table 5. Evaluation of molecular functionality of PAE derivatives.

PAEs
Replace the site Biotoxicity (LC50) Persistence (logt1/2)

Bio-enrichment 
(logBCF) 

Site 1 Site 1’ Predicted 
value

Change 
rate (%)

Predicted 
value

Change 
rate (%)

Predicted 
value

Change 
rate (%)

Target DMP — — 40.822 — 3.620 — 0.723 —

Single 
substituted 

reaction

DMP-2 -C6H5 — 1.031 -97.47 3.259 -9.98 — —

DMP-4 -COOH — 53.993 32.27 3.556 -1.76 1.012 39.97

DMP-6 -SiH3 — 54.628 33.82 3.323 -8.20 0.823 13.83

DMP-8 -OCHO — 53.920 32.09 2.798 -22.71 0.735 9.98

DMP-9 -OCOCH3 — 53.669 31.47 2.845 -21.41 0.908 1.66

Disubstituted 
reaction

DMP-12 -CH2CH3 -OH 7.832 -80.82 2.652 -26.75 — —

DMP-14 -CH2CH3 -COOH 4.317 -89.43 2.624 -27.52 — —

DMP-15 -CH2CH3 -NH2 9.769 -76.07 4.299 18.75 — —

DMP-17 -C6H5 -CHO 1.569 -96.16 5.167 42.73 — —

DMP-18 -C6H5 -COOH 1.930 -95.27 8.107 123.95 — —

DMP-19 -C6H5 -NH2 1.899 -95.37 6.060 67.40 — —

DMP-20 -CHO -OH 53.909 32.06 5.833 61.13 — —

DMP-30 -OCH3 -COOH 53.662 31.45 7.183 98.41 — —

DMP-31 -OCH3 -NH2 53.622 31.35 7.328 102.31 — —

DMP-35 -SiH3 -NH2 55.975 37.12 3.860 -6.64 — —

DMP-44 -OCOCH3 -OH 53.617 31.34 2.867 -20.80 1.075 48.69

DMP-46 -OCOCH3 -COOH 53.643 31.41 2.968 -18.01 1.136 57.12

DMP-47 -OCOCH3 -NH2 53.656 31.44 2.862 -20.93 1.101 52.28

DMP-49 -SH -CHO 53.664 31.46 6.004 65.85 — —

PAEs
Replace the site Total energy (a.u.) Energy gap (eV) Frequency 

(cm-1)

Site 1 Site 1’ Predicted 
value

Change 
rate (%)

Predicted 
value

Change 
rate (%)

Predicted 
value

Target DMP — — -687.98 — 0.1997 — 26.08

Single 
substituted 

reaction

DMP-4 -COOH — -897.24 -30.42 0.2020 1.15 20.67

DMP-6 -SiH3 — -939.42 -36.55 0.2026 1.45 31.11

DMP-8 -OCHO — -837.15 -21.68 0.2045 2.40 23.19

DMP-9 -OCOCH3 — -876.48 -27.40 0.2044 2.35 25.14

Disubstituted 
reaction

DMP-44 -OCOCH3 -OH -912.29 -32.60 0.1991 -0.30 30.38

DMP-46 -OCOCH3 -COOH -1025.72 -49.09 0.1976 -1.05 21.99

DMP-47 -OCOCH3 -NH2 -892.46 -29.72 0.1971 -1.30 30.28
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Analysis of Molecular Stability Enhancement 
of DMP Derivatives Based on Element 

and Chemical-Bond Contributions

The relative molecular mass of the plasticizer affects 
its mobility and diffusion rate in the polymer when the 
larger relative molecular weight of plasticizer is; it has 
larger molecular group volume and less easy to jump in 
the polymer hoes [42]. The larger the relative molecular 
weight, the more difficult it is for the molecules to 
diffuse in the plastic products; further, if the amount 
of plasticizer reaching the plastic surface is low, the 
volatilization from the plastic surface and the migration 
probability will be low [43]. 

In this study, the method based on the element and 
chemical-bond contributions was used to calculate the 
volume of PAE derivative molecules [44]. This method 
considers the contribution of the elements and their 
interactions (chemical bonds) to the molecular volume. 
The molecular volume is calculated by taking elements 
and chemical bonds as the basic units of contribution. 
The element volume contribution value and chemical 
bond volume contribution value used in this method 
are derived from the study of Hu et al. [45] and Zhao 
et al. [44], and the specific volume results are listed in  
Table 6.

The sum of the contribution values of elements and 
chemical bonds is the volume of molecules; the relevant 
formula is as follows:

j
j

ji
i

i pmpm ⋅+⋅= ∑∑P
                 (1)

P is the molecular volume, i is the element in the 
molecule, j is the chemical bond in the molecule, M 
is the number of elements or chemical bonds, and p 
is the volume contribution value of the element or 
chemical bond. In the case of the target molecule DMP, 
for example, its volume is 114.23 cm3·mol–1 according 
to formula (1). The specific calculation parameters are 
shown in Table 7.

PAEs
The group at the site Volume 

(cm3·mol-1)
Change rate 

(%) Formula Relative mo-
lecular mass

Change rate 
(%)Site 1 Site 1’

DMP -CH3 -CH3 114.23 — C10H10O4 194 —

DMP-4 -COOH -CH3 119.18 4.33 C10H8O6 224 15.46

DMP-6 -SiH3 -CH3 125.28 9.67 C9H10O4Si 210 8.25

DMP-8 -OCHO -CH3 117.82 3.14 C10H8O6 224 15.46

DMP-9 -OCOCH3 -CH3 129.13 13.04 C10H11O6 238 22.68

DMP-44 -OCOCH3 -OH 122.09 6.89 C9H9O7 240 23.71

DMP-46 -OCOCH3 -COOH 134.08 17.37 C10H9O8 268 38.14

DMP-47 -OCOCH3 -NH2 126.73 10.94 C9H10NO6 239 23.20

Table 6. The contribution of elements and chemical bonds to 
volume.

Table 7. DMP molecular volume calculation parameters.

Element Volume 
(cm3·mol-1)

Chemical 
bond

Volume 
(cm3·mol-1)

C 12.39 C-C -4.30

H 4.36 C-O -4.82

O 8.51 C=O -4.87

N 9.39 C-H -3.17

S 14.70 Si-O -2.99 

Si 23.35 Si-H -3.75

— — S-O -3.33

— — S-H -2.04

— — N-O -3.47

— — N-H -2.95

— — O-O -6.18

— — O-H -2.59

— — -30.67

Element and 
Chemical bond number Volume 

(cm3·mol-1)

C 10 12.39

H 10 4.36

O 4 8.51

C-C 2 -4.30

C-O 4 -4.82

C=O 2 -4.87

C-H 6 -3.17

1 -30.67

Table 8. Calculation result of molecular volume and relative molecular mass of PAE derivatives.
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By using formula (1), the volume of the seven 
derivatives was calculated, and the relative molecular 
mass of each atom in the molecular formula was 
calculated. The calculation results are shown in  
Table 8.

As shown in Table 8, the molecular volume of the 
seven PAE derivatives increased by 4.33%, 9.67%, 
3.14%, 3.04%, 6.89%, 17.37%, and 10.94%, respectively. 
Further, their relative molecular weights increased 
by 15.46%, 8.25%, 15.46%, 22.68%, 23.71%, 38.14%, 
and 23.20%, respectively. The results showed that the 
modified DMP molecules were less likely to diffuse and 
migrate in the plastic than the target molecules before 
modification.

In summary, after the modification of DMP 
molecules with a larger molecular weight and volume, 
the resultant derivative molecules inhibit the migration 
of the plasticizer to the environment. Thus the 
plasticizer stays in the plastic, indicating improved 
plasticizer stability and plastic elasticity, flexibility, 
and workability. In this way, the plastic’s resistance 
against deterioration – such as the plastic turning hard, 
brittle, or yellow, or a decrease in the air permeability 
and moisture permeability due to loss of plasticizer – is 
increased.

Conclusions

In this study, by constructing the 3D-QSAR model 
with PAE volatility as the evaluation index and by 
applying the comprehensive evaluation model that 
considers environmental friendliness, the following 
seven environmentally friendly PAE derivatives with 
enhanced stability were designed and selected: DMP-
COOH, DMP-SiH, DMP-OCHO, DMP-OCOCH3, 
DMP-OCOCH-OH3, DMP-OCOCH3-COOH, and 
DMP-OCOCH3-NH2. Their volatility was 48.18%, 
14.55%, 15.45%, 23.18%, 25.45%, 46.82%, and 28.18% 
lower, respectively, than that of DMP, and their toxicity 
was 32.27%, 33.82%, 32.09%, 31.47%, 31.34%, 31.41%, 
and 31.44% lower, respectively. In addition, their 
persistence was 1.76%, 8.20%, 22.71%, 21.41%, 20.80%, 
18.01%, and 20.93% lower, respectively. All of their 
bio-enrichment meet the requirements of environmental 
friendliness.

Moreover, the method based on elemental and 
chemical-bond contribution was used to calculate the 
volume of the derivatives. The mechanism of inhibiting 
plasticizer migration and diffusion is explained from 
two aspects of volume change and relative-molecular-
weight change of derivatives. It is clarified that the new 
PAE derivatives are less prone to volatilization and 
migration, and that they can improve the stability of 
plastic products. This study thus provides a theoretical 
foundation for the replacement of PAE plasticizers in 
the future. 
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