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ABSTRACT 

Polyvinylidene (PVDF) substituted with different halogens (F, Cl, Br and I) has been studied theoretically by performing some semi-

empirical calculations at PM3 to obtain some physical parameters and improve the electronic properties. As a result of substitution bond 

length increases from 1.1083 Ǻ to 1.9921 Ǻ; bond angels decreased from 105.5120° to95.3750°; total dipole moment is increased from 

0.0013 to 9.8242 Debye and the energy gap is decreased from 14.2929 to 6.1591eV. In addition, ESP results are indicated that the 

electro-negativity of the studied model molecules is increased upon substitution. The change in these calculated physical parameters 

reflects the reactivity of PVD. 
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1. INTRODUCTION 

 Poly(vinylidene fluoride) (PVDF)  is a semicrystalline 

polymer which exhibits excellent mechanical strength, high 

chemical resistance and thermal stability these in turn reflect an 

excellent aging resistance [1-4]. It could be formed as a result of 

these properties as membranes which dedicates it for many 

applications [5-8]. Au-decorated SWNT/PVDF membrane was 

produced with electrospinning according to its low infrared 

emissivity to act as infrared stealth uniforms [9]. Molecular 

modeling with different levels of theory was extensively used to 

elucidate the properties of natural as well as synthetic polymers 

[10-13]. Molecular modeling at AM1, PM3, PM5, B88-PW91, 

B88-LYP, D-VWN calculations used for the complexes 

between acetone or ethyl acetate and vinylidene fluoride tetramer. 

The overall aim is to understand the solubility and H-bonding of 

poly(vinylidene fluoride) copolymers in carbonyl liquids, results 

were compared with experiment data [14]. 

Molecular modeling compared with experimental data elucidates 

the electronic and spectroscopic properties of PVDX where X is F, 

Cl and Br [15]. Molecular Dynamics MD simulations, is applied 

to investigate the properties of  PVDF/POSS system to investigate 

the miscibility, morphology, crystallization, piezoelectricity, 

mechanical properties and erosion effects [16-19]. It is stated that, 

some properties of PVDF could be achieved throughout MD 

simulations including improvements in PVDF as well as 

understanding the erosion effect of PVDF clusters [20-21]. Rather 

modeling based on quantum mechanical approach and/or 

molecular dynamics approach there are mathematical modeling 

which is conducted to investigate certain behavior. Such class of 

computational work could be also utilized to model the behaviors 

of PVDF [22-23]. In our previous work we apply a different level 

of theory to study both natural and synthetic polymers and 

understand their behavior including structural, physical, chemical 

and vibrational characteristics [24-29]. In this study the semi-

empirical calculations at PM3 is utilized to study the physical 

parameters and the electronic properties of PVDX where X is F, 

Cl, Br and I. 

2. MATERIALS AND METHODS 

Calculation Details. 

The structural models of Polyvinylidene fluoride, Polyvinylidene 

chloride, Polyvinylidene bromide and finally Polyvinylidene 

iodide are supposed to study the change in reactivity of 

Polyvinylidene as a result of substitution with halides (F, Cl, Br 

and I).  The studied structures are undergoeing to optimization by 

performing some calculations using semi-empirical theory at the 

PM3 level using the restricted Hartree–Fock (RHF) procedure. All 

calculations were carried out using GAUSSIAN09 [30] program at 

Spectroscopy Department, National Research Centre, Egypt. 

Geometrical parameters as (bond length, bond angles), total dipole 

moment, band gap energies (HOMO/LUMO) and molecular 

electrostatic potentials are calculated for all models under study. 

3. RESULTS  

 The proposed structures of all model molecules are 

subjected to optimization to study the change in bond length and 

bond angles of Polyvinylidene (PVD) as a consequence of 

substitution with halides (F, Cl, Br and I). Fourteen units of 

vinylidene are supposed to be a model molecular presenting PVD 

structure and similarly for PVDF, PVDCl, PVDBr and PVDI as 
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indicated in figure 1. The interactions occurred between are 

described in terms of bond length, bond angles, total dipole 

moment as well as HOMO/LUMO band gap energies. Table 1 

illustrates the change in both geometrical parameters (bond length 

and angles) where the bond length increases with increasing 

atomic number (ongoing downwards) that is increased 

from1.10829 Aº to1.36347, 1.77247, 1.90159 and 1.99208 Ǻ and 

from1.10829 Ǻ to1.36124, 1.77247, 1.90159 and 1.99208Ǻ for the 

two side chain bonds meanwhile, the angles changed from 

105.5120° to 102.0120°, 106.7820°, 95.547° and 95.375° for 

PVD, PVDF, PVDCl, PVDBr and PVDI respectively. 

 
Figure 1. Geometrical structures of (a) PVD, (b) PVDF, (C) PVDCl, (d) 

PVDBr and (e) PVDI calculated at PM3 level of semi-empirical theory. 

 

Table 1.  The calculated optimized geometries (bond length as angstrom 

Ǻ and bond angels as degree) of PVD and its substitutions ( F, Cl, Br and 

I) at PM3 level of semi-empirical theory. 

Structure Bond length(Ǻ) 

 

Bond 

angel(deg.) 

            

PVD 1.1083 1.1083 105.5120 

PVDF 1.3635 1.3612 102.0120 

PVDCl 1.7725 1.7725 106.7820 

PVDBr 1.9016 1.9016 95.5470 

PVDI 1.9921 1.9921 95.3750 

 

More importantly, the calculated band structures (both total dipole 

moment and the molecular orbital energies) of PVD, PVDF, 

PVDCl, PVDBr and PVDI showed that the electronic properties of 

PVD are enhanced strongly as a result of substitution. Table 2 

presents the effect of halogens up on PVD where, the total dipole 

moment increases from 0.0013 Debye to 9.8242, 6.1350, 5.6645 

and 6.1233 Debye for PVD, PVDF, PVDCl, PVDBr and PVDI 

respectively which means that PVD is approximately stable and 

considered an indicator for increasing the reactivity of PVD due to 

substitution. However, the band gaps are narrowed when PVD is 

substituted by F, Cl, Br and I. As shown in figure 2, the band gap 

energies decreases strongly with increasing the atomic number for 

the studied halogens where it decreases from  14.2929 eV to 

13.1013, 9.8707, 7.8791and 6.1591 eV. 

Finally, the molecular electrostatic potentials (ESP) are discussed 

briefly to give a further explanation of the properties of the studied 

models. The calculated ESPs are displayed in figures 3 and 4 as 

total surface area and as contour action respectively. It is clear that 

there is a change in the distribution of charges around each model 

and there is an increase in the electro-negativity which is an 

indication of increasing the reactivity of the structures under 

study. 

 
Figure 2. HOMO/LUMO band gap energies of (a) PVD, (b) PVDF, (C) 

PVDCl, (d) PVDBr and (e) PVDI calculated at PM3 level of semi-

empirical theory. 

 

Table 2.  The calculated TDM as Debye and HOMO/LUMO band gaps 

as eV of PVD and its substitutions (F, Cl, Br and I) at PM3 level of semi-

empirical theory. 

Structure TDM ∆E 

PVD 0.0013 14.2929 

PVDF 9.8242 13.1013 

PVDCl 6.1350 9.8707 

PVDBr 5.6645 7.8791 

PVDI 6.1233 6.1591 

 

 
Figure 3. PM3 level of semi-empirical theory calculated ESPs for (a) 

PVD, (b) PVDF, (C) PVDCl, (d) PVDBr and (e) PVDI as total surface 

area. 

 
Figure 4. PM3 level of semi-empirical theory calculated ESPs for (a) 

PVD, (b) PVDF, (C) PVDCl, (d) PVDBr and (e) PVDI as contour action 
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 These findings confirm the early investigations which 

stated that, physical properties such as total dipole moment, 

HOMO/LUMO band gap beside ESP are reflecting the reactivity 

of a given compound [31-34]. As total dipole moment increases 

while HOMO/LUMO decreases the compound became reactive. 

On the other hand SEP maps the active sites for the studied 

compound. Finally one can conclude that, DFT as well as other 

computational level of theories continue to be useful tool of 

research for investigating the different properties of many systems 

and molecules [35-39]. 

 

4. CONCLUSIONS 

 Model molecules presenting PVD, PVDF, PVDCl, PVDBr 

and PVDI are subjected to optimization at PM3 through 

performing semi-empirical quantum mechanical calculations. As a 

result of substitution of PVD with F, Cl, Br and I, there is a 

noticeable change in the geometrical parameters where the bond 

lengths increased but the most angles are decreased. Most notably, 

PVDI has the largest bond length in comparison with other studied 

models and also it possesses the lowest angle. On the other hand, 

the results indicated ongoing downwards from F to I, that the 

electronic properties are strongly improved and PVD decorated 

with iodide atom can be chosen as the best halogen to improve 

PVD properties as TDM value has increased significantly and 

equals 6.1233 Debye for PVDI while the HOMO/LUMO energy 

becomes 6.1591eV and this is considered a significant 

improvement in the electronic properties. Furthermore, ESP study 

indicated that the reactivity of PVD increases greatly due to 

decoration as the electro-negativity increases highly. 

5. REFERENCES 

1. Lovinger, A.J.; Bassett, D.C. Poly(vinylidene fluoride). In: 

Development in Crystalline Polymers, Applied Science, London, 

1982, Volume 1, http://dx.doi.org/10.1007/978-94-009-7343-5. 

2. Dohany, J.E.;  Robb, L.E.  Polyvinylidene fluoride (3rd ed.) 

Kirk-Othmer (Ed.), In: Encyclopedia of Chemical Technology, 

Wiley, New York, NY, 1980, Volume 11. 

3. Cauda, V.;  Canavese, G.;   Stassi S. Nanostructured 

piezoelectric polymers J. Appl. Polym. Sci. 2015, 132, 41667-

41683 

4. Soulestin, T.;   Ladmiral, V.;   Dos Santos, F.D.;  Améduri B. 

Vinylidene fluoride- and trifluoroethylene-containing fluorinated 

electroactive copolymers. How does chemistry impact properties? 

Prog. Polym. Sci. 2017, 72, 16-

60, https://doi.org/10.1016/j.progpolymsci.2017.04.004. 

5. Chen, X.;   Han, X.;   Shen Q.D. PVDF-based ferroelectric 

polymers in modern flexible electronics. Advanced Electronic 

Materials 2017, 3, https://doi.org/10.1002/aelm.201600460.  

6. Ribeiro, C.; Costa, C.M.; Correia, D.M.; Nunes-Pereira, J.; 

Oliveira, J.; Martins, P.; Gonçalves, R.; Cardoso, V.F.; Lanceros-

Méndez S. Electroactive poly(vinylidene fluoride)-based 

structures for advanced applications. Nat. Protoc. 2018, 13, 681-

704, https://doi.org/10.1038/nprot.2017.157. 

7. Kim, J.F.; Jung, J.T.; Wang, H.H.; Lee, S.Y.; Moore, T.; 

Sanguineti, A.; Drioli, E.; Lee Y.M. Microporous PVDF 

membranes via thermally induced phase separation (TIPS) and 

stretching methods. J. Membr. Sci. 2016, 509, 94-104, 

https://doi.org/10.1016/j.memsci.2016.02.050. 

8. Javadi, M.; Jafarzadeh, Y.; Yegani, R.; Kazemi, S. PVDF 

membranes embedded with PVP functionalized nanodiamond for 

pharmaceutical wastewater treatmentChemical Engineering 

Research and Design 2018, 140, 241-250.  

9. Fang, K.Y.; Fang, F. Au-decorated SWNT/PVDF electrospun 

films with enhanced infrared stealth performance. Materials 

Letters 2018, 230, 279-282, 

http://dx.doi.org/10.1016/j.matlet.2018.07.116. 

10. de Oliveira, O.V.; Costa, L.T.; Leite, E.R. 

Molecular modeling of a polymer nanocomposite model in water 

and chloroform solvents.  Computational and                       

Theoretical Chemistry 2016, 1092, 52-56, 

https://doi.org/10.1016/j.comptc.2016.08.005. 

Bačová, P.;  Rissanou, A.N.;  Harmandaris, V.; Modelling of 

novel polymer materials through atomistic molecular dynamics 

simulationsProcedia Computer Science 2018, 136, 341-350. 

11. Johnston, J.P.; Koo, B.; Subramanian, N.;  Chattopadhyay, A. 

Modeling the molecular structure of the carbon 

fiber/polymer interphase for multiscale analysis of composites. 

Composites Part B: Engineering 2017, 111, 27-36, 

https://doi.org/10.1016/j.compositesb.2016.12.008. 

12. Sajini, T.; Gigimol, M.G.; Mathew, B. A brief overview 

of molecularly imprinted polymers supported on titanium dioxide 

matrices. Materials Today Chemistry 2019, 11, 283-295, 

https://doi.org/10.1016/j.mtchem.2018.11.010.  

13. Terziyan, T.V.; Safronov, A.P. Solubility and H-bonding of 

poly(vinylidene fluoride) copolymers in carbonyl liquids: 

Experiment and molecular simulation. Journal of Molecular 

Liquids 2019, 275, 378-383, 

https://doi.org/10.1016/j.molliq.2018.08.068. 

14. Elhaes, H.; Khafagy, M.; Ibrahim M.; Abdel-Gawad, A.A. 

Spectroscopic analyses of PVDX (X = F, Cl and Br). J. Comput. 

Theor. Nanosci.  11, 2115-2119, 

https://doi.org/10.1166/jctn.2014.3614. 

15. Zeng, F.; Peng, C.; Liu, Y.; Qu J. Reactive molecular 

dynamics simulations on the disintegration of PVDF, FP-POSS, 

and their composite during atomic oxygen impact. J. Phys. Chem. 

A. 2015, 119, 8359-8368, 

http://dx.doi.org/10.1021/acs.jpca.5b03783. 

16. Liu, Y.Z.; Sun, Y.; Zeng, F.L.;   Zhang, Q.H.; Geng, 

L. Characterization and analysis on atomic oxygen resistance of 

POSS/PVDF composites. Appl. Surf. Sci. 2014, 320, 908-913, 

https://doi.org/10.1016/j.apsusc.2014.09.121. 

17. Liu, Y.;   Sun, Y.;   Zeng, F.;  Chen, Y.;  Li, Q.;  Yu, B.;  Liu, 

W. Morphology, crystallization, thermal and mechanical 

properties of poly(vinylidene fluoride) films filled with different 

concentrations of polyhedral oligomericsil sesquioxane.                     

Polym. Eng. Sci. 2013, 53, 1364-1373, 

https://doi.org/10.1002/pen.23398. 

18. Yuan, B.; Zeng, F.; Peng, C.; Wang, Y. A reactive molecular 

dynamics simulation study to the disintegration of PVDF and its 

composite under the impact of a single silicon-oxygen cluster. 

Computational Materials Science 2018, 154, 14-24, 

https://doi.org/10.1016/j.commatsci.2018.07.033. 

19. Zeng, F.; Peng, C.; Liu, Y.; Qu, J. Reactive molecular 

dynamics simulations on the disintegration of PVDF, FP-POSS, 

and their composite during atomic oxygen impact. J. Phys. Chem. 

A. 2015, 119, 8359-8368, 

http://dx.doi.org/10.1021/acs.jpca.5b03783 

20. Aoki, T. Molecular dynamics simulations of cluster impacts on 

solid targets: implantation, surface modification, and sputtering. J. 

http://dx.doi.org/10.1007/978-94-009-7343-5
javascript:void(0)
javascript:void(0)
https://doi.org/10.1016/j.progpolymsci.2017.04.004
https://doi.org/10.1002/aelm.201600460
https://doi.org/10.1038/nprot.2017.157
https://doi.org/10.1016/j.memsci.2016.02.050
javascript:void(0)
javascript:void(0)
javascript:void(0)
http://dx.doi.org/10.1016/j.matlet.2018.07.116
https://doi.org/10.1016/j.comptc.2016.08.005
https://doi.org/10.1016/j.compositesb.2016.12.008
https://doi.org/10.1016/j.mtchem.2018.11.010
https://www.sciencedirect.com/science/journal/01677322/275/supp/C
https://doi.org/10.1016/j.molliq.2018.08.068
https://doi.org/10.1166/jctn.2014.3614
http://dx.doi.org/10.1021/acs.jpca.5b03783
https://doi.org/10.1016/j.apsusc.2014.09.121
https://doi.org/10.1002/pen.23398
https://doi.org/10.1016/j.commatsci.2018.07.033
http://dx.doi.org/10.1021/acs.jpca.5b03783


Molecular modeling analyses for polyvinylidene X (X=F, Cl, Br and I) 

Page | 3893  

Comput. Electron. 2014, 13, 108-121, 

https://doi.org/10.1007/s10825-013-0504-5. 

21. Bosnjak, N.; Wang, S.; Han, D.; Lee, H.; Chester, S.A. 

Modeling of fiber-reinforced polymeric gels. Mechanics Research 

Communications, In press. 

22. Bernardo, V.; Martin-de Leon, J.; Pinto, J.;  Verdejo, 

R.; Rodriguez-Perez, M.A. Modeling the heat transfer by 

conduction of nanocellular polymers with bimodal cellular 

structures.  Polymer 2019,  160,  126-137, 

https://doi.org/10.1016/j.polymer.2018.11.047. 

23. Ibrahim, M.; Koglin, E. Spectroscopic study of 

PolyanilineEmeraldine Base: Modelling Approach.  Acta Chim. 

Slov. 2005, 52, 159-163. 

24. Ibrahim, M.; Alaam, M.; El-Haes, H.; Jalbout, A. F.; de Leon, 

A. Analysis of the Structure and Vibrational Spectra of Glucose 

and Fructose. Ecl. Quim., Sao Paulo 2006, 31, 15-21. 

25. El-Sayed, E.M.; Omar, A.; Ibrahim, M.; Abdel-Fattah, W.I. On 

the Structural analysis and Electronic Properties of Chitosan 

/Hydroxyapatite Interaction. J. Comput. Theor. Nanosci. 2009, 6, 

1663-1669, https://doi.org/10.1166/jctn.2009.1228. 

26. Ibrahim, M.; Mahmoud, A.A.; Osman, O.; Refaat, A.; El-

Sayed, E.M. Molecular Spectroscopic Analyses of Nano Chitosan 

Blend as Biosensor. Spectrochimica Acta Part A. 2010, 77, 802-

806, https://doi.org/10.1016/j.saa.2010.08.007. 

27. Ibrahim, M.; Mahmoud, A.A.; Osman, O.; Abd El-Aal, M.;  

Eid, M. Molecular Spectroscopic Analyses of Gelatin. 

Spectrochimica Acta Part A. 2011, 81, 724– 729, 

https://doi.org/10.1016/j.saa.2011.07.012. 

28. Omara, W.; Amin, R.; Elhaes, H.; Ibrahim, M.; Elfeky, S.A.  

Preparation and Characterization of Novel  Polyaniline 

Nanosensor  for Sensitive Detection of Formaldehyde. Recent 

Patents on Nanotechnology 2015, 9, 195-203. 

29. Frisch, M.; Trucks, G.;  Schlegel, H.; Scuseria, G.; Robb, M.; 

Cheeseman, J.; Scalmani, G.; Barone, V.; Mennucci, B.; 

Petersson, G.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.; 

Izmaylov, A.; Bloino, J.; Zheng, G.; Sonnenberg, J.; Hada, M.; 

Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; 

Nakajim, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 

Montgomery, J.; Peralta, J. Jr.; Ogliaro, F.; Bearpark, M.; Heyd, 

J.; Brothers, E.; Kudin, K.; Staroverov, V.; Keith, T.; Kobayashi, 

R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J.; 

Iyengar, S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J.; Klene, 

M.; Knox, J.; Cross, J.; Bakken, V.; Adamo, C.; Jaramillo, J.; 

Gomperts, R.; Stratmann, R.; Yazyev, O.; Austin, A.; Cammi, R.; 

Pomelli, C.; Ochterski, J.; Martin, R.; Morokuma, K.; Zakrzewski, 

V.; Voth, G.; Salvador, P.; Dannenberg, J.; Dapprich, S.; Daniels, 

A.; Farkas, O.; Foresman, J.; Ortiz, J.; Cioslowski, J.; Fox, D.; 

Gaussian; Inc.; Wallingford CT. Gaussian 09, Revision C.01. 

2010. 

30. Ibrahim, M.; El-Haes, H. Computational Spectroscopic Study 

of Copper, Cadmium, Lead and Zinc Interactions in the 

Environment. Int. J. Environ. Pollut. 2005, 23, 417-424, 

http://dx.doi.org/10.1504/IJEP.2005.007604. 

31. Ibrahim, M.; Mahmoud, A.A. Computational Notes on the 

Reactivity of some Functional Groups. J. Comput. Theor. Nanosci. 

2009, 6, 1523-1526, https://doi.org/10.1166/jctn.2009.1205. 

32. Ezzat, H.; Badry, R.; Yahia I.S.; Zahran, H.Y.; Elhaes, H.;  

Ibrahim, M.A. Mapping the molecular electrostatic potential of 

carbon nanotubes. Biointerface Res. Appl. Chem. 2018, 8, 3539-

3542. 

33. Sabry, N.M.; Tolba, S.; Abdel-Gawad, F.K.; Bassem, S.M.; 

Nassar, H.; El-Taweel, G.E.; Okasha, A.; Ibrahim, M. Interaction 

between Nano Silver and Bacteria: Modeling Approach. 

Biointerface Res. Appl. Chem. 2018, 8, 3570-3574. 

34.  Galal, A.M.F.; Atta, D.; Abouelsayed, A.;  Ibrahim, M.A.; 

Hanna, A.G. Configuration and Molecular Structure of 5-Chloro-

N-(4-sulfamoylbenzyl) Salicylamide Derivatives. Spectrochim. 

Acta  A. 2019, 214, 476–486. 

35. Kansara, S.; Shah, J.;   Sonvane, Y.; Gupta, S. K.; Conjugation 

of biomolecules onto antimonene surface for biomedical 

prospects: A DFT study. Chemical Physics Letters, 2019, 715, 

115-122. 

36. Gaigeot, M.-P.  THz spectroscopic probing of gas phase 

molecules structures: combined IR-UV ion dip experiments and 

DFT-MD simulations in The 10th Isolated Biomolecules and 

Biomolecular Interactions Conference, 2018, Texel, The 

Netherlands. 

37. Abdelsalam, H.; Teleb, N.H.; Yahia, I.S.; Zahran, H.Y.; 

Elhaes, H.. Ibrahim, M.A. First principles study of the adsorption 

of hydrated heavy metals on graphene quantum dots, J Phys Chem 

Solids, 2019, 130, 32-40. 

38. Abdelsalam, H.; Elhaes, H.; Ibrahim, M.A. First principles 

study of edge carboxylated graphene quantum dots, Physica B, 

2018, 537, 77-86.  

39. Li, B.;  Ou, P.; Wei, Y.;  Zhang, X.; Song, J. Polycyclic 

Aromatic Hydrocarbons Adsorption onto Graphene: A DFT and 

AIMD Study”  Materials 2018, 11, 726. 

6. ACKNOWLEDGEMENTS 

 The authors are grateful to The Research Center for Advanced Material Science (RCAMS) at King Khalid University, with 

grant number (RCAMS/KKU/008-18). 

 

 

© 2019 by the authors. This article is an open access article distributed under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

 

 

 

https://doi.org/10.1007/s10825-013-0504-5
https://doi.org/10.1016/j.polymer.2018.11.047
https://doi.org/10.1166/jctn.2009.1228
https://doi.org/10.1016/j.saa.2010.08.007
https://doi.org/10.1016/j.saa.2011.07.012
http://dx.doi.org/10.1504/IJEP.2005.007604
https://doi.org/10.1166/jctn.2009.1205
https://www.sciencedirect.com/science/journal/00223697
https://www.sciencedirect.com/science/journal/00223697
https://www.sciencedirect.com/science/journal/00223697/130/supp/C
https://www.sciencedirect.com/science/journal/09214526/537/supp/C
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20B%5BAuthor%5D&cauthor=true&cauthor_uid=29751556
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ou%20P%5BAuthor%5D&cauthor=true&cauthor_uid=29751556
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wei%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=29751556
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=29751556
https://www.ncbi.nlm.nih.gov/pubmed/?term=Song%20J%5BAuthor%5D&cauthor=true&cauthor_uid=29751556

