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Poly(propylene fumarate phthalate) and acrylic acid 

radical copolymerization constants and parameters 

Poly(propylene fumarate phthalate) and acrylic acid radical copolymerization in dioxane solution at various 

molecular ratios of original monomeric mixture was studied in this work for the first time. An unsaturated 

polyester resin was obtained using the polycondensation reaction. The composition of the obtained poly(pro-

pylene fumarate phthalate) was determined according to elemental analysis. The studied copolymers are prom-

ising for further study due to their swelling ability, antioxidant activity, and biodegradable ability. Copolymer-

ization reaction kinetics has been studied. The composition of the copolymers was determined using chromate-

mass spectrometry. Radical copolymerization constants and parameters have been calculated by Mayo-Lewis 

integral method. Based on the copolymerization constants the Q-e parameters was calculated according to the 

Alfrey-Price equation. It was proved that non-solvable polymers of a net-shaped structure are formed in the 

whole range of the researched comonomer ratios during the radical copolymerization of p-PFF with AА. Based 

on the results presented in the article, we can say that all copolymer compounds based on poly(propylene 

fumarate phthalate) and acrylic acid demonstrate the ability to control physical and chemical properties. This 

in turn will allow to create new materials with a pre-defined behavior program. It was found that the unsaturated 

polyester resin is characterized by a lower reactivity in case of acrylic acid and poly(propylene fumarate 

phthalate) copolymerization. 

Keywords: poly(propylene fumarate phthalate), acrylic acid, biodegradable, polycondensation, radical copoly-

merization, kinetics, copolymerization. 

Introduction 

Over the past few decades fumaric acid-based polyesters comprising Krebs cycle [1, 2] are of much in-

terest in biomedicine due to great biocompatibility and biodegradability [3, 4]. Moreover, polyester resins are 

relatively cheap products, which in some cases makes materials based on them competitive comparing to other 

sorts of plastics [5–8]. 

Poly(propylene fumarate phthalate) is the most researched material among the. It is a perfect option for 

cross-linking with various monomers, such as acrylic and methacrylic acid. 

Cross-linked poly(propylene fumarate phthalate) can satisfy a number of medical requirements, such as 

biocompatibility, osteoconductivity, sterilisability and manageability [9–14]. It can be polymerized in situ [15] 

forming solid composite with mechanical properties identical to those of spongeous bone. 

In this regard, the poly(propylene fumarate phthalate) (p-PFP) and acrylic acid (AA) copolymerization 

constants and parameters determination, as well as the development of new methods for vinyl monomers 

radical polymerization control and polymer characteristics improvement are one of research priorities for high-

molecular compounds chemistry development. 

External factors sensitive copolymers were previously synthesized by reaction of polyglycolefumarates 

radical copolymerization with various unsaturated carboxylic acids and dimethylaminoethyl metacrylate [16–

21]. Due to this fact, further research in this area appeared to be advantageous. 

Reactions of poly(propylene fumarate phthalate)(p-PFP) and acrylic acid (AA) radical copolymerization 

were studied in this work for the first time. 

Experimental 

Initial p-PFP was received by fumaric acid, phthalic anhydride and propylene glycol polycondensation at 

temperatures 423–453 К [22, 23]. The reaction was monitored by determining the acid number and the amount 

of water emission. The synthesized polyester is a light yellow fusible resinous substance that can dissolve in 

chloroform and dioxane. Received resin was obtained from original monomers by multiple acetone washing. 

Received substance content was defined by elemental analysis data. 
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P-PFP molecular weight was determined by light scattering method at NACH 2100 AN nephelometer

and by gel-permeation chromatography, which is 2272 and 2394 atomic mass units. 

P-PFP and AA radical copolymerization was performed in solution of dioxane at different original co-

polymer molecular ratios with benzoyl peroxide (BP) as initiating agent at 333 К. Synthesized polymers were 

washed by dioxane and dried in vacuum multiple times in order to refine them from remaining unreacted 

monomers until reaching constant weight. 

Contents of received copolymers were defined with potentiometric titration and by a highly efficient 

chromatograph LC-20 Prominence, Shimadzu (Japan) [24, 25]. In order to find amount of copolymers unre-

acted double bonds (degree of unsaturation) bromide-bromate method was used [26]. 

P-PFP and AA radical copolymerization kinetics was investigated by dilatometric method in dioxane.

Constants of copolymerization r1 and r2 were defined based on contents of copolymers received at deep con-

version using Mayo-Lewis integral equation [27]. 

Results and Discussion 

Elaborate development of thorough research in the area of radical copolymerization allows controlling 

properties of polymers, their structure and molecular mass, and also suggests more methods for producing 

polymers with the desired properties. As mentioned above, unsaturated polyesters-based products cured with 

vinyl monomers and having specific physico-chemical and mechanical properties are most desirable. Unsatu-

rated double bonds in p-PFP molecules allow using it as polymeric matrix to receive cross-linked polymers in 

case of copolymerization with acrylic acid. 

P-PFP was received by fumaric acid, phthalic anhydride and propylene glycol polycondensation [22, 23].

Cross-linked copolymer formation as result of p-PFP oligomeric molecule and AA radical copolymeri-

zation in presence of BP as initiating agent can be shown by the following diagram: 

Copolymerization constant and parameters values are important characteristics when considering mono-

mers relative reaction ability depending on their structure. However, more comprehensive information on 

monomers relative reaction ability at copolymerization can be obtained from kinetic data (Fig. 1). 
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1 — 6.77:93.23; 2 — 20.34:79.66; 3 — 44.17:55.17; 4 — 68.42:31.58; 5 — 86.67:13.33 mol.% 

Figure 1. p-PFP:AA copolymerization kinetic graph 

P-PFP and AA radical copolymerization kinetics at various initial molecular ratios was studied deeply in

order to estimate monomers relative activity (Fig. 1). It was found that the reaction rate and copolymer yield 

increase with increasing AA content in the initial monomer mixture. However, these parameters decrease with 

increasing p-PFP in the reaction mixture. This seems to be determined by presence of –COO carboxyl func-

tional group in acrylic acid chain, which can participate in reactions of polymer transfer followed by molecular 

mass growth due to branching processes. As can be seen in Figure 1, the radical copolymerization kinetics data 

indicate a constant process acceleration in the case of AA molecular mass increase in initial monomeric 

mixture. 

As mentioned above, cross-linked insoluble polymers are formed throughout the range of studied 

copolymer ratios in process of p-PFP and AA radical copolymerization. 

Experimental data received after studying radical copolymerization processes in p-PFP – AA systems are 

shown in Table 1. Copolymer yield ranges from 83 % to 62 %. 

T a b l e  1

Copolymer content dependence on initial mixture composition in process 

of p-PFP (М1) and AA (М2) [BP] = 8·10–3 mole/m3, Т = 333 К 

Initial monomer ratio, % by mass Copolymer content, % by mass 
Yield, % 

М1 М2 m1 m2 

10.22 89.78 6.77 93.23 83.70 

25.00 75.00 20.34 79.66 78.73 

50.00 50.00 44.17 55.17 79.33 

73.91 26.09 68.42 31.58 71.93 

90.00 10.00 86.67 13.33 62.09 

As can be seen in Table 1, p-PFP-AA copolymers are enriched with AA components throughout the range 

of initial mixtures. At that, the proportion of AA components in the copolymer composition increases symbol-

ically with respect to their content in initial monomeric mixture. 

Copolymer yield and swelling rating increase as share in original AA mixture rises; this seems to be 

determined by high degree of branching and cross-linking. 

The branching and cross-linking reactions decrease correspondingly with AA molecular concentration 

reducsing since benzene rings cannot participate in homopolymerization reactions. While the copolymer un-

saturation degree increases. Besides, the abovementioned reactions are more complicated when p-PFP con-

centration rises in initial monomeric mixture, which leads to higher viscosity. 

Copolymer content dependence on initial mixture composition can be shown more conveniently on con-

tent diagram (Fig. 2). 
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Figure 2. Composition diagram showing p-PFP – AA copolymer content 

dependence on initial monomeric mixture composition 

Сopolymer relative activity based on copolymer content and initial monomeric mixture composition has 

been calculated using Mayo-Lewis integral equation [9], Fineman-Ross and Kelen-Tudos standard methods. 

Table 2 shows the calculated data that illustrate the higher AA activity in the process of radical copolymeriza-

tion. 

T a b l e  2

p-PFP – AA binary systems radical copolymerization constants and parameters

М1 М2 r1 r2 r1·r2 1/r1 1/r2 Q1 e1 Q2 e2

p-PFP AA 0,76 1,21 0,92 1,32 0,83 1,19 1,06 1,15 0,77 

As can be seen in Table 2, the relative activity value r1 in p-PFP-AA system is below one (r1<1). This 

suggests a higher activity of macroradical ending with p-PFP component towards «outer» monomer or radicals, 

but macroradical ending with AA second co-monomer component tends to react with «inner» monomer. Co-

polymerization stabilizer derivatives are close to each other, i.e. copolymer macroradicals can be created by 

static structures. 

Conclusions 

Therefore, a brief summary of the studies described in this article shows that new crosslinked polymers 

can be obtained by poly(propylene fumarate phthalate) and acrylic acid radical copolymerization. 

The obtained result demonstrates the ability to control the physicochemical properties of a poly(propylene 

fumarate phthalate) and acrylic acid based copolymer by changing the content of the polymer composition, 

which allows you to create new materials with preset properties. 
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Полипропиленфумаратфталатты акрил қышқылымен радикалды 

сополимерлеудің константалары мен параметрлері 

Мақалада алғаш рет полипропиленфумаратфталаттың бастапқы мономерлік қоспаның түрлі мольдық 

қатынасында диоксан ортасында акрил қышқылымен бинарлы радикалды сополимерленуі зерттелген. 

Поликонденсация реакциясымен қанықпаған полиэфирлі шайыр алынды. Сополимерлену үрдісінің ки-

нетикасы зерттелді. Хромато-масс спектроскопия әдісін қолдану арқылы синтезделген сополимерлер-

дің құрамы нақтыланған. Майо-Льюистің интегралдық әдісімен радикалды сополимерлену константа-

лары мен параметрлері анықталған. Алфрей-Прайс теңдеуі бойынша сополимерлену константасының 

негізінде Q-e параметрлері есептелген. п-ПФФ пен АҚ радикалды сополимерлеу кезінде сомономер-

лердің зерттелген ара қатынасының барлық интервалында торлы құрылымның ерімейтін полимерлері 
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түзілетіндігі дәлелденді. Мақалада келтірілген нәтижелер бойынша полипропиленфумарат пен акрил 

қышқылы негізіндегі сополимерлердің барлық қосылыстары физика-химиялық қасиеттерді басқару 

мүмкіндігін көрсетеді деп айтуға болады. Бұл өз кезегінде алдын ала берілген бағдарлама тәртібі бой-

ынша жаңа материалдарды жасауға мүмкіндік береді. Акрил қышқылын полипропиленфумаратфталат-

пен сополимерлеу кезінде қанықпаған полиэфир шайыры аз реакциялық қабілеттілікпен сипатталған. 

Кілт сөздер: полипропиленфумаратфталат, акрил қышқылы, биоыдырағыштық, поликонденсация, ра-

дикалды сополимерлену, кинетика, сополимерлену. 

М.Ж. Буркеев, Г.М. Жуманазарова, Е.М. Тажбаев,  

Г.К. Кудайберген, С.Б. Аукадиева, Э.Ж. Жакупбекова 

Константы и параметры радикальной сополимеризации 

полипропиленфумаратфталата с акриловой кислотой 

В статье впервые исследована бинарная радикальная сополимеризация полипропиленфумаратфталата 

с акриловой кислотой в растворе диоксана при различных мольных соотношениях исходной мономер-

ной смеси. Реакцией поликонденсации получена ненасыщенная полиэфирная смола. Состав получен-

ного полипропиленфумаратфталата устанавливали по данным элементного анализа. Исследованные со-

полимеры перспективны для дальнейшего изучения их набухающей способности, антиоксидантной ак-

тивности, биодеградируемой способности. Исследована кинетика реакции сополимеризации. Состав 

сополимеров определен с помощью хромато-масс-спектроскопии. Параметры радикальной сополиме-

ризации и константы рассчитаны интегральным методом Майо-Льюиса. Параметры Q-e рассчитаны на 

основании констант сополимеразации по уравнению Алфрея-Прайса. Было доказано, что нераствори-

мые полимеры сетчатой структуры во всем интервале исследованных соотношений сомономеров об-

разуются при радикальной сополимеризации п-ПФФ с АК. По приведенным в статье результатам 

можно заключить, что все соединения сополимеров на основе полипропиленфумаратфталата и акрило-

вой кислоты демонстрируют возможности управления физико-химическими свойствами. Это, в свою 

очередь, позволит создать новые материалы с заранее заданной программой поведения. Установлено, 

что при сополимеризации полипропиленфумаратфталата с акриловой кислотой ненасыщенная поли-

эфирная смола характеризуется меньшей реакционной способностью. 

Ключевые слова: полипропиленфумаратфталат, биодеградируемость, акриловая кислота, поликонден-

сация, радикальная сополимеризация, кинетика, сополимеризация. 

References 

1 Diez-Pascual, A.M., & Diez-Vicente, A.L. (2017). Antibacterial SnO2 nanorods as efficient fillers of propylene fumarate-co-
ethylene glycol) biomaterials. Mater. Sci. Eng. C Mater. Biol. Appl, 78, 806–816. 

2 Kasper, F.K., Tanahashi, K., Fisher, J.P., & Mikos, A.G. (2009). Synthesis of poly(propylene fumarate). Nat Protoc, 4, 4, 518. 

3 Boddle, E.W., Holland, T.A., Bagget, L.S, Mikos, A.G. Cuijpers, V.M., & Tabata, Y., et al. (2007). Degradable hydrogel 
scaffolds for in vivo delivery of single and dual growth factors in cartilage repair. Osteoarthitis Cartilage, 15, 187–197. 

4 Yasko, A.W., He, S., Engel, P.S., Yaszemski, J.M., & Mikos, A.G. (2000). Injectable biodegradable polymer composites based 
on poly(propylenefumarate) with poly(ethylene glycol)-dimethacrylate. Biomaterials, 21, 2389–2394. 

5 Brydson, J.A. (1999). Polyesters. Plastics Materials (7th ed.). 

6 Kandelbauer, A., Tondi, G., Zaske, O.C., & Goodman, S.H. (2014). Handbook of Thermoset Plastics. San Diego: William 
Andrew, 111. 

7 Kandelbauer A., Tondi G., & Goodman S.H. (2014). Unsaturated Polyesters and Vinyl esters. Handbook of Thermoset Plastics 
(3rd ed.). H. Dodiuk, S.H. Goodman (eds.). San Diego: William Andrew Publications, 111–172. 

8 Kozik, V.V. & Borilo, L.P. (2004). Kompozitsionnie materialy na osnove prirodnykh silikatov i nenasyshchennoi poliefirnoi 
smoly [Composites based on natural silicates and unsaturated polyester resin]. Proceedings from Science and education: VIII Vserossi-
iskaia nauchnaia konferentsiia — VIII All-Russian Scientific Conference. (p. 43, 44). Tomsk: Izdatelstvo THPU [in Russian]. 

9 Park, H., Guo, X., Lui, W., Liu, G., Tabata, Y., & Kasper, F.K., et al. (2009). In vitro degradation of an osteochondral construct 
using injectable hydrogel composites encapsulating rabbit marrow mesenchymal stem chells. Biomaterials, 2741–2752. 

10 Guo, X., Park, H., Young, S., Kretlow, J.D., van den Beucken, J.J., & Baggett, L.S., et al. (2010). Repair of osteochondral 
defects with biodegradable hydrogel composites encapsulating marrow mesenchymal stem cells in a rabbit model. Acta Biomater, 6, 
39–47. 

11 Holland, T.A., Bodde, E.W., Tabata, Y., Holland, T.A., Mikos, A.G., & Baggett, L.S. et al. (2005). Osteochondral repair in the 
model utilizing bilayered, degradable oligo(poly(ethylene glycol)fumarate) hydrogel scaffolds, J. Biomed. Mater. Res. A., 75, 156–
167. 

12 Bodde, E.W., Holland, T.A., Mikos, A.G., Baggett, L.S., Cuijpers, V.M., & Tabata, Y., et al. (2007). Degradable hydrogel 
scaffolds for in vivo delivery of single and dual growth factors in cartilage repair. Osteoarthritis Cartilage, 15, 187–197. 



M.Zh. Burkeev, G.M. Zhumanazarova et al.

74 Вестник Карагандинского университета 

13 Holland, T.A., Tabata, Y., & Mikos, A.G. (2003). In vitro release of transforming growth factor-beta 1 from gelatin micropar-
ticles encapsulated in biodegradable, injectable oligo(poly(ethylene glycol)fumarate) hydrogels. J. Control. Release, 91, 299–313. 

14 Park, H., Temenoff, J.S., Holland, T.A., Tabata, Y., & Mikos, A.G. (2005). Delivery of TGF-beta1 and chondrocytes via 
injectable, biodegradable hydrogels for cartilage tissue engineering applications. Biomaterials, 25, 7095–7103. 

15 Park, H., Temenoff, J.S., Tabata, Y., Caplan, A.I., & Mikos, A.G. (2007). Injectable biodegradable hydrogel composites for 
rabbit marrow mesenchymal stem cell and growth factor delivery for cartilage tissue engineering. Biomaterials, 28, 3217–3227. 

16 Anisimov, Yu.N., Vonsovich, N.A., & Grekhova, O.B. (1996). Privitaia sopolimerizatsiia vinilatsetata s nenasyshchennoi 
olihoefirnoi smoloi i kharakteristiki otverzhdennykh kompozitsii [Graft copolymerization of vinyl acetate with an unsaturated polyether 
resin and characteristics of cured compositions]. Zhurnal prikladnoi khimii — Journal of Applied Chemistry, 69, 2, 312–316 [in Rus-
sian]. 

17 Burkeev, M. Zh., Sarsenbekova, A. Zh., & Tazhbaev, E.M. (2015). Thermal destruction of copolymers of polypropylene glycol 
maleate with acrylic acid. Russian Journal of Physical Chemistry A., 12. 89, 2183–2189. 

18 Tazhbaev, E.M., Burkeeva, G.K., & Kovaleva, A.K. (2015). Nanocatalytic Systems Based on Poly(ethylene glycol maleate) 
— Acrylamide Copolymers. Russian Journal of Applied Chemistry, 2, 88, 314–319. 

19 Burkeyev, M.Zh., Kudaibergen, G.K., & Tazhbayev, E.M. et al. (2018). Constants and parameters of radical copolymerization 
of poly(ethylene glycol fumarate) with acrylic acid. Khimicheskii zhurnal Kazakhstana — Chemical journal of Kazakhstan, 1, 61, 215–
222. 

20 Burkeyev, M.Zh., & Tazhbayev, Ye.M. et al. (2019). Constants and parameters of radical copolymerization of poly(propylene 
glycol fumarate) with acrylic acid. Bulletin of the Karaganda University. Ser. Chemistry, 1(93), 32–37. 

21 Burkeev, M.Zh., Kudaibergen, G.K., & Tazhbayev, Ye.M. et al. (2019). Synthesis and investigation of copolymer properties 
on the basis of poly(ethylene glycol fumarate) and methacrylic acid. Bulletin of the Karaganda University. Ser. Chemistry, 1(93), 25–
31. 

22 Burkeyev, M.Zh., & Tazhbayev, Ye.M., et al. (2016). Sposob polucheniia nenasyshchennykh poliefirnykh smol na osnove 
propilenhlikolia, ftalevoho anhidrida i fumarovoi kisloty [Method for the preparation of unsaturated polyester resins based on propylene 
glycol, phthalic anhydride and fumaric acid]. Patent No. 31052 Kazakhstan. Publ. 16.03.2016 [in Russian]. 

23 Burkeev, M.Zh., Kudaibergen, G.K., & Burkeeva, G.K. et al. (2018). The number average and mass average molar masses of 
polyethylene (propylene)glycol fumarates. Bulletin of the Karaganda University. Ser. Chemistry, 2(90), 17–22. 

24 Golbert, K.A., & Vindergauz, M.S. (1990). Vvedenie v hazovuiu khromatohrafiiu [Introduction to Gas Chromatography]. 
Moscow: Khimiia [in Russian]. 

25 Zolotov, Yu.A., Dorokhova, E.N., & Fadeeva, V.I. (2000). Fiziko-khimicheskie metody analiza [Physico-chemical methods of 
analysis]. Moscow: Vysshaia shkola [in Russian]. 

26 Artemenko, A.I., Malevanny, V.A., & Tikunova, I.V. (1990). Spravochnoe rukovodstvo po khimii [Chemistry reference guide]. 
Moscow: Vysshaia shkola [in Russian]. 

27 Gladyshev, G.P., & Popov, V.A. (1974). Radikalnaia polimerizatsiia pri hlubokikh stepeniakh prevrashcheniia [Radical 
polymerization with deep degrees of conversion]. Moscow: Nauka [in Russian]. 




