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Constants and parameters of radical copolymerization
of poly(propylene glycol)fumarate with acrylic acid

In the present work, the binary radical copolymerization of poly(propylene glycol)fumarate with acrylic acid
in a dioxane medium was investigated for the first time at various mole ratios of the initial monomer mixture.
The kinetics of the copolymerization reaction was studied. Kinetic curves show that with increasing mole
fraction of acrylic acid in solution, the reaction rate and sorption capacity of copolymers also increase. The
synthesized copolymers composition was determined by chromatography-mass spectrometry. The constants
and parameters of radical copolymerization were calculated using the integral methods of Mayo-Lewis,
Fineman-Ross and Kelen-Tiidos. The Q-e parameters were calculated by the Alfray-Price equation on the ba-
sis of copolymerization constants. A lower reactivity characterization of poly(propylene glycol)fumarate was
found at copolymerization of it with acrylic acid. The relative activity r; in the p-PGE-AA system is less than
one. This suggests that the p-PGF ability to copolymerize with other monomers is higher than
homopolymerization. Direct proportionality of the unsaturation degree of copolymers to the content of
poly(propylene glycol)fumarate in the composition of the initial monomer mixture was shown. Thus, the re-
sults of this study show that the synthesized polymers based on PGPP have good characteristics and can be
used in various fields of science.

Keywords: unsaturated polyester resins, poly(propylene glycol)fumarate, acrylic acid, copolymerization con-
stants, monomer activity, kinetics, sorption, copolymerization.

Introduction

Unsaturated polyester (UPE) resins are prepared from the polyesterification reaction of diols, unsaturat-
ed dibasic acids/acid anhydrides, and saturated dibasic acids/acid anhydrides. UPE resins, the most common
thermoset resins for fiber-reinforced thermoset composites account for over 80 % of all of thermoset resins
used. On the other hand, unsaturated polyesters provide the widest opportunity for directional modification
due to polymerization reactions with various ionic monomers and, consequently, open the way to obtaining
materials including composite.ones with a predetermined valuable complex of properties [1, 2].

The interaction of polyesters with unsaturated compounds was firstly called the copolymerization
reaction by Benig [3], soscopolymerization with vinyl acetate, styrene and methyl methacrylate, simple and
complex allyl ethers, vinyl formates was investigated. As a result of the studies carried out, the role of un-
saturated polyesters macromolecule as a «skeleton» at large formations was shown. From the literature
analysis, only comonomers of hydrophobic nature were involved in the copolymerization with unsaturated
polyester resins [3—5], when the matter of hydrophilic monomers lay over until recently, which opens up
prospects for new «intelligent» polymers.

Poly(propylene glycol)fumarate (p-PGF), an amorphous unsaturated polyesters resin, has been exten-
sively 'studied-as an injectable biomaterial for bone tissue engineering utilizing particulate leaching to
achieve a porous scaffold. p-PGF is biodegraded through hydrolysis of its ester bonds into its original pro-
pylene glycol and fumaric acid sub units, both of which are nontoxic. Propylene glycol is used as a food ad-
ditive in the food industry and it can be metabolized or excreted by the body [6-9].

The preparation of polymers based on unsaturated polyesters with the required combination of proper-
ties is possible only on the knowledge basis of the processes kinetics and mechanism of their radical copol-
ymerization with ionic monomers. It seemed interesting and expedient to fill in the marked gap since the
study of the kinetics, constants, and parameters of unsaturated polyesters copolymerization with ionic mon-
omers remains undetermined and actual.

We have previously synthesized a number of copolymers based on unsaturated polyester resins with
some unsaturated carboxylic acids [10—12]. This paper demonstrates the first studies on the reactions of radi-
cal copolymerization of poly(propylene glycol)fumarate (p-PGF) with acrylic acid (AA).
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Method

The initial p-PGF was obtained by the polycondensation reaction of fumaric acid and propylene glycol
at a temperature of 403—453 K [13]. The course of the reaction was monitored by determining the acid num-
ber and the volume of water released. The synthesized polyester is a light-yellow, resinous, fusible sub-
stance, soluble in chloroform and dioxane. The resulting resin was purified from the initial monomers by
repeated washing with acetone.

The molecular weight of the p-PGF was determined by light-scattering methods on the nephelometer
2100 AN by NACH and by the method of determining the end group fraction, which is 1488 amu.

Radical copolymerization of p-PGF with AA was carried out in the dioxane solution at various initial
molar ratios of comonomers in the presence of an initiator — benzoyl peroxide (BP) at a temperature of
333 K. The polymers synthesized were repeatedly washed with dioxane and dried under vacuum until con-
stant mass for purifying them from unreacted monomer residues.

The compositions of the copolymers obtained were determined by potentiometric titration and by the
residual amount of monomers by chromatography- mass spectrometry on Agilent 7890A-using the Agilent
5975C mass selective detector.

The kinetics of radical copolymerization of p-PGF with AA was studied by dilatometric method in the
dioxane solution. The copolymerization constants 7, and r, were determined on'the basis of the copolymer
compositions obtained at deep conversion ratios using the Mayo-Lewis integral equation [14], as well as the
standard methods of Fineman-Ross and Kelen-Tiidos [15, 16].

Results and discussion

The intensive development of fundamental research in the'field of radical copolymerization, which al-
lows regulating the properties, structure and molecular mass of'polymers, the velocity of the process, opens
up new ways of obtaining polymers with properties given. Products based on unsaturated polyesters cured
with vinyl monomers possessing specific physical-chemical ‘and physical-mechanical properties are of con-
siderable interest. The presence of unsaturated double bonds. in the p-PGF molecule provides an opportunity
to use it as a polymer matrix for the preparation of spatially cross-linked polymers by copolymerization with
reactive acrylic acid.

p-PGF is obtained by the polycondensation reactionof fumaric acid and propylene glycol. As a result of
radical copolymerization of the oligomeric molecule of p-PGF with AA in the presence of the initiator — BP
the formation of the spatially cross-linked copolymer can be represented by the following scheme:
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The values of constants and copolymerization parameters are important characteristics when consider-
ing the relative reactivity of the monomers depending on their structure. However, more complete infor-
mation on the relative reactivity of the monomers during copolymerization can be obtained on the basis of
kinetic data (Fig. 1).

However, more complete information on the relative reactivity of the monomers during copolymeriza-
tion can be obtained on the basis of kinetic data (Fig. 1).
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1 —9.98:90.02; 2 — 15.04:84.96; 3 — 24.92:75.08; 4 —50.06:49.94; 5 — 75.25:24.75; 6 —90.13:9.87 mol.%
Figure 1. Kinetic curve of the copolymerization of p-PGF:AA

The kinetics of radical copolymerization of p-PGF with AA at various initial molar ratios was studied in
detail to assess the relative activity of the monomers (Fig. 1). Increase of the reaction'rate and yields of the
copolymers was found with the growth in the content of AA in the initial monomer mixture, also these pa-
rameters decrease with the increase of the p-PGF content in the.reaction mixture. This is apparently due to
the presence of a functional -COOH carboxyl group in the AA.chain that capable of participating in elemen-
tary polymer transfer reactions accompanied by an increase in.the molecular weight due to branching pro-
cesses. Figure 1 shows the kinetic data of radical copolymerization indicating a regular acceleration of the
process with increasing molar fraction of AA in the initial monoemer mixture. The radical copolymerization
of p-PGF with AA forms insoluble polymers of the network structure in the entire range of the studied
comonomer ratios. The experimental data obtained as a result of studying the processes of radical copoly-
merization in p-PGF-AA systems are presented in Table 1. The yield of the copolymers was 83—74 %.

Table 1
Composition dependence of the copolymers on the initial mixture composition
in the copolymerizationof p-PGF (M) with AA (M,) [BP] = 8 mol/m’, T =333 K
The initial ratio of monomers, mass. % Copolymer composition, mass. %
Yield, %
M, M, m my
9.98 90.02 7.23 92.77 84.23
15.04 84.96 10.85 89.15 82.84
24.92 75.08 20.45 79.55 78.41
50.06 49.94 46.89 53.11 74.98
75.25 24.75 72.36 27.67 69.55
90.13 9.87 89.05 10.95 65.45

Enrichment of the p-PGF-AA copolymers with AA units throughout the investigated range of the initial
mixtures was seen from Table 1, while the content of the AA units in the copolymer composition increases
sympathetically its amount in the initial monomer mixture. The copolymer yield and the swelling degree in-
crease with increasing concentration in the initial AA mixture, which is apparently due to a sufficient degree
of branching and cross-linking. Since the fumarate groups are not capable of homopolymerization reactions,
the branching and cross-linking reactions diminish with a decrease in the molar AA concentration, respec-
tively, while the unsaturation degree of the copolymer increases. Also, the above reactions are difficult with
the increase of the p-PGF concentration in the initial monomer mixture, which in turn leads to the viscosity
growth. The composition diagram demonstrates more clearly the dependence of the copolymer composition
on the initial mixture composition (Fig. 2).
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Figure 2. The dependence of the p-PGF-AA copolymers composition
on the composition of the initial monomer mixture

The relative activities of the comonomers were calculated using the integral Mayo-Lewis equation [9],
the standard Fineman-Ross and Kelen-Tiidos methods on the basis of the copolymer and the initial monomer
mixture compositions data. Table 2 shows the results of calculations. There was an assumption that p-EGF
had a lower reactivity in radical copolymerization compared to AA.The obtained values of the relative activ-
ities of the copolymers confirm this assumption. The calculated values of the copolymerization constants
indicate a greater AA activity in radical copolymerization. The data from Table 2 demonstrate the relative
activity r; in the p-PGF-AA system that is less than one. It may indicate more activity of macroradical ending
in the p-PGF unit towards the «foreign» monomer or radical, while the macroradical ending in the second
comonomer AA (r>1) unit reacts much more easily with.its «own» monomer. The product of copolymeriza-
tion constants (7'7,) close to unity indicates the possibility of copolymers to the formation of statistical struc-
tures.

Table 2
Constants and parameters of radical copolymerization of p-PGF-AA binary systems
Method r r ry'r l/r1 1/7”2 e Q1 e Q2
Mayo-Lewis 0.75 1.18 0.89 1.33 0.85 0.42 0.74 0.77 1.15
Fineman-Ross 0.82 1.21 0.99 1.22 0.83 0.68 0.89 0.77 1.15
Kelen-Tiidos 0.78 1.28 1.00 1.28 0.78 0.73 0.87 0.77 1.15
Average 0.78 1.22 0.96 1.28 0.82 0.61 0.83 0.77 1.15

Various internal factors as conjugation, steric hindrance, polarity of the monomer and radical, influence
on the monomerts reactivity. The O-e parameters were calculated by the Alfray and Price equations based on
the values of copolymerization constants. Both p-PGF and AA monomers have different polarities of the
double bond (Table 2). The Q values for these monomers are significantly different. The degree of conjuga-
tion in the double bond with the substituents is also different due to the less value of O for p-PGF. This de-
termines the high propensity of monomers and radicals ending in the p-PGF units to attach more «foreign»
monomers under the polymerization conditions.

Conclusions

Thus, a brief review of the studies in the paper shows a possibility to obtain new polymers of the spa-
tially cross-linked structure as a result of radical copolymerization of poly(propylene glycol)fumarate and
acrylic acid. The results obtained demonstrate the ability to control the physical-chemical properties of the
copolymers based on poly(propylene glycol)fumarate and acrylic acid, induced by the polymer composition,
which allows the creation of new materials with a predefined program of behavior.

The work is done within the frameworks of grant financing of scientific researches for 2018—2020 by
Ministry of education and science of the Republic of Kazakhstan subject to the project topic
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No. AP05131541 «Development of theoretical and practical bases of synthesis of new «intellectualy poly-
mers based on polyethylene-(propylene)glycol fumaratey.
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IounmponuAeHI TNKOIb(PYMapaTThIH AKPHJ KbIIIKbLIbIMEH PATHKAJIIBIK
CONMoJIMMepJIeHYAiH KOHCTAHTAJIApbl MEH MapaMeTpJiepi

Makanaza anrai pet AMOKCaH OpPTachlHIa 0acTalKbl MOHOMEP KOCIAChIHBIH dPTYPIIi MOJIbIIK KaThIHACBIHAA
HOJIMIPOIMICHIIUKONIb()YMapaTThIH aKPUJI KbILIKbIIBIMEH OMHAPIIbI PAAMKaIIbl CONOJIMMEPIIEHY] 3epTTel-
reH. ConoymMepIIeHy peakIUsIChIHBIH KHHETHKACH! aHBIKTabl. KMHETHKABIK KUCHIKTap epiTiHAiferi akpui
KBIIIKBUTBIHBIH ~ MOJIBJIK MOJIIEepiHiH KeOeHreH caiblH peakmus KbUIJaMABIFBI MEH COPOLMSIIBIK
CHIMBIMABIIBIFBl  apTATHIHBI  KepceTunmi. Xpomarorpadus-Macc-CIIeKTPOCKONHSHBl  KOJNJAaHy — apKbIIbI
CHHTE3/IeNIeH COTOJIMMEpIIepIiH KypaMbl aHBIKTAIAbL. Parukanis! cononmmMepiaeHyAiH KOHCTaHTalapsl MEeH
napamerpiepi Maiio-JIbtouc, @aitnman-Pocc sxone KeneH-TronomTeIH HHTErPaIgbl 9iCIMEH ecenTenesi.
CormosnuMepieHy TYpaKThUIApBIHBIH Heridinme (-e mapamerpiepi Andpeii-Ilpaiic Texumeyi OoitbiHia
ecenTendi. AKpPWI  KbIIKBUIBIHBIH  [OJMIPONUICHIIMKOIb(YMapaTeH  CONOJMMEpieHy  Ke3iHzae
COHFBICHIHBIH TOMEH PEaKTHBTUIKIEH CHUMATTanaThlHbl aHblKTanasl. 1-III'O-AK  okyiecinmeri 7y
caspIcThIpMaibl Oesncenpiniri OipaeH a3. Byn n-III'® Gacka MOHOMepiepMEeH COMOIUMEpIICHYTe Kabijeri,
TOMOIIOJIIMEPJICHYTe KaparaHZa, J>XOFaphl eKeHJIriH kepceremi. ComoiauMmepnepniH KaHBIKIIaFaHIbIFbI
0acTamKpl MOHOMEp KOCIAchl KYPaMBIHAAFbl  MOJIMATIICHITIMKONb(QYMapaTTelH  MeJmepiMe Typa
MIPONIOPIMOHANAB  eKeHiri kepcerinmi. Ocbimaiima, 3eprreyaiH HoTmwkenepi 1-III'D  merisimzeri
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CHHTE3JIeIreH MOJIMMEpPIIep JKaKChl KaCHETTEpre He >KOHE FhUIBIMHBIH OPTYpIi cajlajapblHa KOJAAQHBUIYbI
MYMKIiH.

Kinm ce30ep: KaHbIKnaraH Honu3Gupii InaidbIpiap, MOJIMIPONHICHIIMKOIb(YMApAT, aKpUI KbILIKBUIBL,
COIOJIUMEpIIeHY KOHCTaHTAJIapbl, MOHOMEpJIEp OEICeHIINIIri, KHHETHKA, COPOLNS, COIOIMMEPIICHY.

M.XK. Bypkees, I'.K. Kynaitoepren, E.M. Tax6aes, I'.K. Bypkeena,
A XK. Capcenbekona, . I'pannuek, H.A. EcentaeBa, A.H. bonar6aii, C.b. Aykaauesa

KoHcTanThl 1 mapaMeTpbl PaAUKAIbLHON CONMOJIMMepPH3alUH
NOJTUNPONUIEHIJIMKOIb(yMapaTa ¢ aKpUJI0BOi KHCIO0TOI

B cratbe BmepBele HccleIOBaHa OWHapHas paUKalbHAs COMOJUMEPHU3ALH MOTUIPONHICHIIMKOIb-
(ymapara ¢ akpHIOBOH KHMCIIOTOH B Cpeie JUOKCaHA IPU Pa3iIMYHBIX MOJBHBIX COOTHOLICHUSX. MCXOMHON
MOHOMEpHOH cMecH. M3ydeHa KMHETHKa peakIuy coloyimMepu3anuy. KnHerndyeckue KpuBble TOKA3BIBAIOT,
YTO C MOBBIIIEHHEM MOJBHOW JOJHM aKPHJIOBOW KHCJIOTHI B PACTBOPE YBEIHMUYHMBAIOTCS CKOPOCTH PEaKkmuH U
COpOIMOHHAs CIIOCOOHOCTH cormoauMepoB. C IPUMEHEHNEM XpOMaTo-Macc-CIEeKTPOCKOIMK, OIPeesieH Co-
CTaB CHUHTE3MPOBAaHHBIX conoiumepoB. MHTerpansueiM MeTooM Maiio-JIbtonca; daiiimana-Pocca u Kerne-
Ha-Tromoma paccuuTaHbl KOHCTAHTBI M MapaMeTphl PaAMKalbHON comonuMepusaiyy. Ha ocHOBaHMM KOH-
CTaHT comoMMepa3anuu o ypasHeHHo Ajdpes-Ilpaiica paccuutansl napameTpsl Q-e. Y CTaHOBJIEHO, YTO
TIPU COTIOIMMEPH3ALHN aKPUIOBOH KUCIIOTHI C MOIUIPONHISHTINKOIb()yMapaToM HOCIETHUH XapaKTepusy-
eTcs MEHbIIeH PeakHOHHON CIOCOOHOCTRI0. OTHOCUTENbHAS aKTUBHOCTH 7| B cucteme N-I11I'd-AK menbme
€IMHUIEL. DTO TOBOPHUT O TOM, 4TO crnocoOHOCTh n-III'D k comonmuMepu3anuy ¢ APyruMH MOHOMEpaMH BBI-
mre, 4eM K roMomnoinMmepu3anuu. [lokazaHo, 9To CTeNeHb HEHACHIEHHOCTH COMOJIMMEPOB IPSIMO HPOIIOp-
IMOHAIBHA COAEPKAHHIO OJIUIPOIIMICHITINKOIIb(yMapaTa B COCTaBe HCXOAHOH MOHOMEpHOH cMecH. Takum
00pa3oM, pe3ysIbTaThl ITOTO HCCIIEOBAHUS TOKa3aiH, YTO CHHTE3UPOBAHHBIE MONMMMepHl Ha ocHoBe n-I1I'D
HMMEIOT XOPOIINE XapaKTePUCTUKU U MOT'YT OBITh UCIIOIB30BAaHBI B. PA3TIMYHBIX 00IACTIX HAYKH.

Kniouesvie cnosa: HeHaChIEHHbIE MOIMI(QUPHBIE CMOIBL, HONUNPONMUICHIIIHKOIb()YMapaT, aKpuIoBas K-
CJIOTa, KOHCTAHTHI COMONIUMEPU3AINH, aKTHBHOCTh MOHOMEPOB, KHHETHKA, COPOIIHS, COMOIMMEPH3aLHs.
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