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CONSTANTS AND PARAMETERS OF RADICAL
COPOLYMERIZATION OF POLY(ETHYLENE GLYCOL FUMARATE)
WITH ACRYLIC ACID

Abstract. In the present work, the binary radical copolymerization of poly(ethylene
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 copolyme-
rization 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
spectroscopy. 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 basis of copolymerization
constants.

A lower reactivity characterization of poly(ethylene glycol fumarate) were found at
copolymerization of it with acrylic acid. Direct proportionality of the unsaturation degree
of copolymers to the content of poly(ethylene glycol fumarate) in the composition of the
initial monomer mixture was shown.

Key words: poly(ethylene glycol fumarate), acrylic acid, radical copolymerization,
kinetics, copolymerization.

Unsaturated polyesters are interesting for theoretical and practical studies,
since along with the simplicity, the economics of production, and they contain
unsaturated double bonds in their composition, which makes it possible to obtain
on their basis of spatially cross-linked structures. 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.

The interaction of polyesters with unsaturated compounds was firstly called
the copolymerization reaction by Benig [1], so copolymerization 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 unsa-
turated polyesters macromolecule as a "skeleton™ at large formations was shown.
From the literature analysis, only comonomers of hydrophobic nature were
involved in the copolymerisation with unsaturated polyester resins [1-3], when the
matter of hydrophilic monomers lay over until recently, which opens up prospects
for new "intelligent™ polymers.
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The preparation of polymers based on unsaturated polyesters with the re-
quired combination of properties is possible only on the knowledge basis of the
processes Kinetics and mechanism of their radical copolymerization 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 copo-
lymerization with ionic monomers remains undetermined and actual.

We synthesized earlier copolymers susceptible to changes in external factors
by radical copolymerization reaction of polyglycol maleates with a number of
unsaturated carboxylic acids, acrylamide [4, 5]. Hence, it seemed interesting to
continue the research in this direction.

This paper demonstrates the first studies on the reactions of radical copoly-
merization of poly(ethylene glycol fumarate) (p-EGF) with acrylic acid (AA).

Experiment

The initial p-EGF was obtained by the polycondensation reaction of fumaric
acid and ethylene glycol at a temperature of 403-453 K [6]. The course of the
reaction was monitored by determining the acid number and the volume of water
released. The synthesized polyester is a light-yellow, resinous, fusible substance,
soluble in chloroform and dioxane. The resulting resin was purified from the
initial monomers by repeated washing with acetone. The composition of the
obtained product was determined from elemental analysis data: m.p. of p-EGF is
80°C.

The molecular weight of the p-EGF was determined by light-scattering
methods on the nephelometer 2100 AN by NACH and by the method of deter-
mining the end group fraction, which is 2500 amu.

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

The compositions of the obtained copolymers were determined by potentio-
metric titration and by the residual amount of monomers by chromatography-
mass spectroscopy on Agilent 7890A using the Agilent 5975C mass selective
detector [7, 8]. A bromate-bromide method was used to quantify unreacted double
bonds (the degree of unsaturation) of the copolymers [9].

The kinetics of radical copolymerization of p-EGF with AA was studied by
dilatometric method in the dioxane solution. The copolymerization constants ry
and r, were determined on the basis of the copolymer compositions obtained at
deep conversion ratios using the Mayo-Lewis integral equation [10], as well as
the standard methods of Fineman-Ross and Kelen-Tudos [11, 12].

216



ISSN 1813-1107 M1 2018

Results and discussion

The intensive development of fundamental research in the field of radical
copolymerization, which allows to regulate the properties, structure and molecular
mass of polymers, the speed of the process, opens up new ways of obtaining
polymers with given properties. Products based on unsaturated polyesters cured
with vinyl monomers having specific physical-chemical and physical-mechanical
properties are of considerable interest. The presence of unsaturated double bonds
in the p-EGF 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-EGF is obtained by the polycondensation reaction of fumaric acid and
ethylene glycol [6].

As a result of radical copolymerization of the oligomeric molecule of p-EGF
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 considering the relative reactivity of the monomers depen-
ding on their structure. However, more complete information on the relative reac-
tivity of the monomers during copolymerization can be obtained on the basis of
kinetic data (figure 1).

However, more complete information on the relative reactivity of the
monomers during copolymerization can be obtained on the basis of kinetic data
(figure 1).

The kinetics of radical copolymerization of p-EGF with AA at various initial
molar ratios was studied in detail to assess the relative activity of the monomers
(figure 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
parameters decrease with the increase of the p-EGF content in the reaction mix-
ture. This is apparently due to the presence of a functional -COO carboxyl group
in the AA chain that capable of participating in elementary polymer transfer
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Figure 1 — Kinetic curve of the copolymerization of p-EGF:AA:

1-7,95:92,05; 2-11,95:88,05; 3 - 21,03:78,97;
4 — 44,05:55,95; 5 — 68,96:31,04; 6 — 89,05:10,95 mol.%

reactions, accompanied by an increase in the molecular weight due to branching
processes. 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 monomer mixture.

The radical copolymerization of p-EGF 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 ra-
dical copolymerization in p-EGF-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 copolymerization of p-EGF (M,) with AA (M,) [BP] = 8 mol/m?®, T=333 K

The initial ratio of monomers,

Copolymer composition,

mass % mass % Yield, Degree of
% unsaturation
M; M, m; m;
10,09 89,91 7,95 92,05 83,23 41,3
15,06 84,94 11,95 88,05 78,98 42,5
25,02 74,98 21,03 78,97 76,22 46,8
50,01 49,99 44,05 55,95 75,32 49,6
75,06 24,94 68,96 31,04 75,05 52,1
90,08 9,92 89,05 10,95 73,83 54,4
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Enrichment of the p-EGF-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 increase 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 concen-
tration, respectively, while the unsaturation degree of the copolymer increases.
Also, the above reactions are difficult with the increase of the p-EGF concen-
tration 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 (figure 2).

Figure 2 — The dependence of the p-EGF-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

Table 2 — Constants and parameters of radical copolymerization of p-EGF-AA binary systems

Method r r, rery | g | 1, e, Q: e, Q>
Mayo-Lewis 0,84+0,076 | 1,18+0,050 | 0,99 | 1,19 | 0,85 | 0,86 | 0,90 | 0,77 | 1,15
Fineman-Ross 0,72+0,006 | 1,25+0,140 | 0,90 | 1,39 | 0,80 | 1,09 | 1,18 | 0,77 | 1,15
Kelen-Tudos 0,83+0,038 | 1,02+0,094 | 0,85 | 1,21 | 0,98 | 1,18 | 1,34 | 0,77 | 1,15
Average 0,80+0,04 | 1,15+0,095 | 0,91 | 1,26 | 0,88 | 1,04 | 1,214 | 0,77 | 1,15
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had a lower reactivity in radical copolymerization compared to AA. The obtained
values of the relative activities 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 acti-
vity ry in the p-EGF-AA system that is less than one. It may indicate more activity
of macroradical ending in the p-EGF 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 copolymeri-
zation constants (r;-r,) close to unity indicates the possibility of copolymers to the
formation of statistical structures.

Various internal factors as conjugation, steric hindrance, polarity of the
monomer and radical, influence on the monomers reactivity. The Q-e parameters
were calculated by the Alfray and Price equations based on the values of
copolymerization constants [10]. Both p-EGF and AA monomers have different
polarities of the double bond (see table 2). The Q values for these monomers are
significantly different. The degree of conjugation in the double bond with the
substituents is also different due to the less value of Q for p-EGF. This determines
the high propensity of monomers and radicals ending in the p-EGF units to attach
more "foreign" monomers under the polymerization conditions.

Thus, a brief review of the studies in the paper shows a possibility to obtain
new polymers of the spatially cross-linked structure as a result of radical copo-
lymerization of poly(ethylene glycol fumarate) and acrylic acid. The obtained
results demonstrate the ability to control the physical-chemical properties of the
copolymers based on poly(ethylene glycol fumarate) and acrylic acid, induced by
the polymer composition, which allows the creation of new materials with a
predefined program of behavior.
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Pe3rome

I'. K. Kyoaiibepeen, I'. K. Bypkeesa, E. M. Tasxcbaes,
M. JK. Bypkees, A. B. Omawesa, H. A. Ecenmaesa

MOJINSTUIIEHT JINMKOJIbOYMAPATTBIH AKPUJI KBIIIKBIJIBIMEH
PAJTUKAJIABIK COIIOJIMMEPJIEHY ITH KOHCTAHTAJIAPBI MEH
ITAPAMETPJIEPI

XKymbicTa anFamr peT TMOKCaH OPTAChIH/IA 0acTanKbl MOHOMEP KOCTIACBIHBIH OPTYPIi
MOJIbJIIK KATHIHACBIH/IA MOJIUITUICHIIIUKOIB(PYMAPATTHIH aKPUJT KbIIIKHUIBIMEH OUHAPIIBI
paAMKamAbl COMONUMEpNCHYi 3epTTeninreH. CONOoNMMEpIeHy pPEaKIUsSCHIHBIH KHHE-
TUKaChl 3epTTeni. KHHETHKAIBIK KUCHIKTAp €PITIHAIAET] aKpUl KbIIIKBUIBIHBIH MOJIBIIK
MeJICIICPiHIH KOOCHICH CalbIH PEaKIHs JKbUIIAM/IBIFBl MEH COPOLIMSUIBIK ChIHBIMIBLIBIFBI
apTaThlHbl KOpceTii. XpoMaTorpadus-mMacc-CreKTPOCKOMUSHBI KOJIaHy apKbUIbl CHH-
TE3MICJITCH COMOJIUMEPIICPIIH KypaMbl aHBIKTAIIBL. PaluKaiabl COMOJMMEPIICHYIIH
KOHCTaHTajlapbl MeH mapamerpiiepi Maiio-JIbtonc, ®aiitnman-Pocc xone Kenen-Tromom-
THIH HHTETPABI 9JliciMeH ecentene/i. ComoiuMepiieHy TYpaKThIIapbIHBIH HeriziHae Q-
napamerpiepl Andpei-Ilpaiic teHneyi OoifpiHIIa ecenTeNmiHIl. AKPHI KbIIKBIIBIHBIH
MTOTUATHICHTITUKOIB()YMapaTIICH COMOIUMEPIICHY KE3iHIe COHFBICHIHBIH TOMEH PEaKTHB-
TUTIKIEH CHUITATTANATBIHBI aHBIKTaIAbl. CormommMmepiepaiH KaHBIKIaFaHABIFEl OacTarKsl
MOHOMEp KOCMAChl KYPaMBIHIAFbl MOJIMAITUICHIIIUKOIb()YMAPATTHIH MeIIIepiMe Typa
MIPOTIOPIIAHANIBI eKEeHIHET1 KOPCETUIII.

Tyitin ce3aep: MONUAITUICHIINKOIb()YMAPAT, aKPUIT KbILIKbUIbI, PAIUKAIbI COMO-
JIUMEPJICHY, KHHETHKA, COTIOJIMMEPJICHY.

Pe3iome

I'. K. Kyoaiibepeen, I'. K. Bypxeesa, E. M. Taxcbaes,
M. K. Bypxees, A. B. Omawesa, H. A. Ecenmaesa

KOHCTAHTbI Y IAPAMETPbI PA IUKAJIBHOM COHOJIMMEPU3ATINN
MOJINOTUJIEHT JINKOJIb®YMAPATA C AKPUJIOBOUM KUCJIOTOU

BriepBrie mccienoBana OMHapHas pagWKalbHas COMOIMMEPU3AlMs ITOIUITHIICH-
IIIMKOIb(yMapaTa ¢ aKkpuJIOBOHM KHCIOTOH B Cpefie JMOKCAaHa MPH PAa3IHMYHBIX MOJBHBIX
COOTHOILIEHUSIX MCXOJHONM MOHOMEpPHOH cMmecH. M3ydueHa KMHETHKAa peakUMM COIOJIM-
MEpu3aluu. Kunernueckue KPUBBIC IMOKA3bIBAIOT, YTO C IMOBLIIICHUEM MOJIbHOM J0JI1
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AKpPHUJIOBOM KHCJIOTBI B PACTBOPE YBEJIWYHMBAIOTCS CKOPOCTh PEAKIMU U COPOIMOHHAS
CHOCOOHOCTh comonuMepoB. C MPUMEHEHHEM XPOMAaTO-MAacCCIEKTPOCKONHUU OMpeIeIIeH
COCTaB CHHTE3UPOBAHHBIX comnojauMepoB. HWHrerpanbHbiM MeToaoM Maito-JIktouca,
®aitnmana-Pocca u Kenena-Tromoma paccyuTaHbl KOHCTAHTHI W TapaMeTphl paju-
KaJILHOM COMOJIMMEpU3alIU. Ha ocHOBaHMM KOHCTaHT cornojimMepasaliuy 1o YpaBHCHUIO
Andpes-Ilpaiica paccuntansl napamerpsl Q-e. YCTaHOBIEHO, YTO MPH COMOIUMEPU3ALUT
AKPWJIOBOM KHUCIIOTHI C MOJUAITWICHTIUKOIb(YyMapaToM IIOCICIHUN XapaKTepU3yeTCs
MEHBIIIEH PEaKIMOHHONW CIOCOOHOCTRhIO. [loka3aHO, YTO CTEMeHb HEHACHIIICHHOCTH
COITOJIUMEPOB TPSIMO MIPOMOPIIMOHATHHA COJICPKAHUIO TTOUATHIICHIIINKONb(yMapara B
COCTaBE HUCXOJHOU MOHOMEPHOU CMECH.

KiroueBble ¢10Ba: MOTUATIICHTINKOIb(pYMapaT, akKpHIIoBast KACIOTA, pagHKalb-
Hasl CONOJIMMEPU3ALNS, KHHETUKA, COMIOJIMMEPU3ALUSL.
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