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Investigation of copolymers based on unsaturated polyester resins

The possibility of controlling the properties of network copolymers of polyethylene glycol maleate by chang-
ing external factors (pH of medium, temperature, the presence of organic solvents and low molecular weight
inorganic salts) has been studied. Swelling capacity of the copolymers investigated was studied using gravi-
metric method. It has been established that the hydrogels are sensitive to the change of pH of medium and the
copolymers’ samples undergo reversible swelling-collapse-swelling transfer. Basic factors which determine
the swelling of the gels studied are electrostatic repulsion of similarly charged carboxylic groups and appear-
ance of opposite charges on macrochains as a result of the hydrolysis of acrylamide segments. It has been
shown that the hydrogels of polyethylene glycol maleate with acrylamide are sensitive to the influence of
temperature and the dependence of the swelling degree has extreme character. The sensitivity of the copoly-
mers to the presence of low molecular salts has been established. Combined regimen of their behavior in the
presence of salts is due to the hydrolysis of amide bond in the segments of the copolymer of polyethylene
glycol maleate. When adding organic solvent to the medium which is the polymer swollen in water continu-
ous contraction of the samples studied is observed and it leads to the shrinkage of the hydrogels’ size. Sup-
pressive action of organic solvents on swelling of the copolymers of polyethylene glycol maleate with
acrylamide is explained by the polarity of the solvents.

Keywords: unsaturated polyesters, unsaturated polyester resins, copolymerization, polyethylene glycol male-
ate, acrylamide, copolymer, hydrogel, swelling.

Introduction

In today’s world of technology it is difficult to remain a competitive manufacturer of quality products in
the global market. The main criterion for competitive production is the use of affordable, accessible, and
preferably renewable raw materials with minimal operating cost. The products based on unsaturated polyes-
ter resins are promising in this area. Currently, being leaders among composite materials, unsaturated polyes-
ter resins are used increasingly due to the ease of obtaining, and availability of raw materials. In particular,
polyglycolmaleates and polyglycolfumarates in combination with other di- and monocarboxylic acids are
easily cured by vinyl monomers. Products based on unsaturated polyester resins cured with vinyl monomers
have specific physico-chemical and mechanical properties, combined with low toxicity and relative accessi-
bility. Due to the characteristics described production of decorative materials and products for constructional
purposes made on the basis of unsaturated polyester resins develops rapidly.

The researchers pay particular attention to the so-called super moisture sorbents or hydrogels. The
unique properties of polymeric hydrogels offer great opportunities for the practical application of these mate-
rials in medicine, biotechnology, ecology, plant, solar energy and other fields of industry and science.
Providing highly efficient functioning of hydrogels in different practical tasks determines the need for under-
standing the behavior of this class of polymers in different environments and relevance of carrying out the
basic research in this direction. Understanding and quantification of the laws of the swelling and the elastic
behavior of polymeric hydrogels are of fundamental importance.

Unsaturated polyester resins with acrylamide are basic for the preparation of such polymers. We pro-
pose a new method for producing hydrogels based on polyethyleneglycolmaleate in the thesis presented.

Weakly linked hydrogel networks which are able to react immediately to little changes of external fac-
tors (ionic strength of the solution, pH of medium, temperature and others) is a big class of the compounds
called «intelligent materials» among the scientists of this field. These properties of crosslinked polymers de-
fine their use as functional materials in different fields (agriculture, hydrometallurgy, medicine, oil-refining
and many others).

There is data on copolymerization of unsaturated polyester resins with acrylates in literature [1-3],
however there is no information on similar reactions of unsaturated carboxylic acids with acrylamides.

In this regard the reactions of radical copolymerization of polyethylene glycol maleate with acrylamide
in the solution have been investigated in this work.
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Experimental part

Polyethylene glycol maleate (p-EGM) was obtained by the reaction of polycondensation of maleic an-
hydride with ethylene glycol at 393—403 K [4]. The process was controlled by determining acidic number
and by the volume of water eliminated.

Molecular mass of p-EGM has been determined using light scattering method on nephelometer
2100 AN (NACH) and using gel permeation chromatography on Agilent 1260 Infinity which was equal to
2350 a.m.u.

Radical copolymerization of p-EGM with acrylamide (AA) was carried out in solution at the ratio of
monomers with the solvent 1:1.5 (on mass) at various initial molar ratios of the comonomers in the presence
of dinitrile of azo-bis-isobutyric acid (AIBN) as an initiator at a temperature of 333 K.

Synthesized polymers were washed with dioxane for purifying from unreacted monomer residues. The
composition of the copolymers obtained has been determined potentiometrically and according to the residu-
al amount of the monomers using gas chromatography [5].

Equilibrium swelling degree of the polymers was measured gravimetrically. The amount of liquid ab-
sorbed was determined on mass of swollen sample. Swelling degree of the gel o was calculated as a relation
of the mass of swollen hydrogel at a equilibrium swelling point to its mass at dry state:
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o

Results and discussion

The presence of unsaturated double bonds in the molecules of p-EGM allows to use the latter as a ma-
trix for obtaining network copolymers when polymerizing with highly reactive acrylamide. In this regard the
attempt to obtain such polymers by the reaction of p-EGM with AA has been made by our group. Data on
copolymerization of p-EGM with AA are given in Table.

Table
Dependence of composition of the copolymers on the composition of initial mixture
when copolymerizing p-EGM (M;) with AA (M,), AIBN [I] =8 mol/m’, T =333 K
Initial monomer ratios, mol. % Composition of the copolymers, mol. % o % Yield, %
M] M2 ny ny
9.99 90.01 8.21 91.79 166.2 48.7
24.99 75.01 22.13 77.87 154.0 42.4
50.04 49.96 48.82 51.18 133.1 37.9
75.06 24.94 73.64 26.36 129.5 31.5
90.16 9.84 88.33 11.67 104.3 28.7

With the aim of estimating the swelling capacity of the synthesized copolymers the influence of tem-
perature, pH of medium, ionic strength of solution and the mixtures «organic solvent — water» on properties
of the studied samples has been investigated.

Temperature is one of the external factors which allows to fulfill potential abilities of polymeric gels to
various extents. Depending on their chemical composition hydrogels can be stable to the changes of tempera-
ture or they may swell or collapse at increasing the temperature or combine both types of behaviour. There
are the results of the study of the influence of temperature on swelling of the copolymers of p-EGM—AA be-
low (Fig. 1).

When submerged into the water of room temperature 20 °C the copolymer of p-EGM-AA swells and at
increasing the temperature till some critical meaning the ability of hydrogel to absorb water decreases; fur-
ther heating of the system leads to inverse temperature dependence: reversible transition «swelling-collapse-
swelling» is observed. Complex character of the dependence of swelling degree on temperature justifies that
several types of interactions are responsible for the behaviour of hydrogel. The forces which cause collapse
of the gel can be interaction of hydrophobic fragments of macrochains accompanied by the displacement of
the molecules of water structured near the surface of these groups. It has been shown in a number of
works [6] that phase transitions are enhanced when incorporating small parts of charged segments. The sys-
tem investigated is weakly charged, but there can appear additional charges as a result of the hydrolysis of
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active functional groups. The hydrolysis degree depends on temperature, therefore it can affect on the studied
dependence. In this case NH, group of AA can be hydrolyzed and similarly charged functional groups are
formed as it was found out by Tanaka [7, 8]. Then the hydrolysis of acrylamide segments helps to swelling
of the copolymers.
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1 —8.21:91.79 mol. %; 2 —22.13:77.87 mol. %; 3 — 48.82:51.18 mol. %;
4—73.64:26.36 mol. %; 5 — 88.33:11.67 mol. %

Figure 1. Influence of temperature on swelling of the gels based on p-EGM-AA

One of the important external factors which is able to influence considerably on physicochemical be-
haviour of polymeric gels is pH of medium. lonogenic polymers either swells in the solution with increasing
the pH of medium or collapse, but in case of polyampholytic gels they combine both types of behaviour. The
results of the investigations of the influence of pH of medium on behaviour of hydrogels of the copolymers
of p-EGM-AA are shown below.

Experimental data on the influence of pH of medium on swelling ability of the studied samples of
p-EGM-AA are given in Figure 2. It is seen from graphical data that the dependence has extreme character
with the minimum of swelling at pH close to acidic.

The character of dependence curve shows that the gel is polyampholytic i.e. it contains acidic and basic
groups in macrochains. In our opinion the minimum on the curve of dependence of swelling degree on pH of
p-EGM—-AA can be explained by decreasing osmotic pressure of counter ions as well as Coulombic attrac-
tion of oppositely charged segments. With increasing the content of AA segments in the copolymers the pH
area corresponding to the sorption capacity of the hydrogel shifts to more basic part. The reason for that
could be partial hydrolysis of acrylamide segments. As the concentration of the AA segments in macrochain
is more relating to the segments of p-EGM even small part of hydrolyzed acrylamide groups can make con-
siderable influence on the process. As a result of the formation of excessive negative charge by hydrolyzed
acrylamide chains the compensation which leads to the collapse of the gel of polymeric network of p-EGM—
AA of composition 8.21:91.79 mol. % occurs at higher pH meanings.

When designing polymeric materials with given properties it is necessary to take into account the influ-
ence of low molecular compounds, in particular, the influence of salts. Mainly it relates to the gels with high
content of ionized groups. Investigations which have been done before [9] on the copolymers of polyeth-
ylene glycol maleate with some vinyl monomers and the results presented above have shown that the latter
show polyelectrolytic and polyampholytic properties. This presupposes the susceptibility of the gels studied
to the ions of low molecular salts.

The influence of mono- and bivalent salts NaCl and CaCl, correspondingly on swelling of the copoly-
mers of p-EGM—AA has been studied in this work.
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1 —8.21:91.79 mol. %; 2 —22.13:77.87 mol. %; 3 — 48.82:51.18 mol. %;
4 —73.64:26.36 mol. %; 5 — 88.33:11.67 mol. %

Figure 2. Influence of pH of medium on behaviour of hydrogels
on the basis of the copolymers of p-EGM—AA

Experimental data on swelling the gels on the basis of p-EGM-AA in dependence of concentration of
NaCl are presented on Figure 3. When adding low molecular salt (NaCl) to the external solution the size of
the sample of polymeric network decreases to some minimal meaning/point. In our point of view this kind of
behaviour is explained by the fact that the dependence of swelling degree of the copolymer of p-EGM-AA
on concentration of the salt goes in accordance with polyampholytic regimen. As a result of the hydrolysis of
acrylamide segments equally charged groups are formed and electrostatic repulsion occurs. Incorporation of
the electrolyte (in this case NaCl) to the solution leads to the screening of electrostatic repulsion of similarly
charged groups. At certain concentration of the salt when amine groups are screened and there are excessive
content of carboxylic groups under the thrusting pressure of counter ions sudden swelling of the gel occurs.
This kind of behaviour is characteristic for polyampholytic gels [6].

According to the results obtained the ratio of monomer segments in the copolymers influences on the
behaviour of the hydrogels to the presence of low molecular salts. So with increase of the portion of AA in
the copolymers the susceptibility of the gels to the addition of the salts increases and volume-phase transition
is observed at higher meanings of concentrations of the salts. This can be due to increase of the number of
similarly charged groups formed as a result of the hydrolysis of acrylamide and suppression of electrostatic
repulsion takes place at much higher concentrations.

Continuing the study the influence of bivalent salt CaCl, on the behaviour of the hydrogels of p-EGM-
AA has been considered. On Figure 4 experimental data on swelling of the copolymers of p-EGM—AA in the
presence of bivalent salt are shown. The character of the dependence curve of swelling the copolymers in the
presence of CaCl, and NaCl is similar. It is necessary to note that decrease of sorption capacity of hydrogels
is observed at much lower concentrations of bivalent salts. This can be caused by different reasons [7]. First-
ly, bivalent ions are attracted stronger to the oppositely charged groups of the network than monovalent salts.
Secondly, bivalent salts are able to neutralize the charge of a big numbers of counter ions inside of the net-
work.

The ability of the hydrogels to swell depends on nature of the solvent with which it is surrounded. In
previous chapters it has been shown that the copolymers of p-EGM—AA swell considerably in water in con-
ditions of neutral meanings of pH, at room temperature and in absence of low molecular electrolytes. How-
ever it is interesting from theoretical and practical point of view to know the behaviour of crosslinked poly-
mers in mixed water-organic solvents.

18 BecTHuk KaparaHgmHckoro yHusepcurteTa



Investigation of copolymers ...

a, %
180 +

160 -

140 -

120 -

100 +

80

60 .
0,001 0,01 0,1 1

C, mol/g

1 —8.21:91.79 mol. %; 2 —22.13:77.87 mol. %; 3 — 48.82:51.18 mol. %;
4 —73.64:26.36 mol. %; 5 — 88.33:11.67 mol. %

Figure 3. Influence of concentration of NaCl on swelling of the gels based on p-EGM-AA
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Figure 4. Influence of concentration of CaCl, on swelling of the gels based on p-EGM-AA
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In this regard the influence of the composition of binary mixtures water-organic solvents on volume
characteristics of the gels on the basis of the copolymers of p-EGM—-AA has been investigated. As it is seen
in Figure 5 the solvents with different thermodynamic parameters such as ethanol, dimethyl formamide
(DMF), dimethyl sulfoxide (DMSO) have been chosen for the analysis of the behaviour of hydrogels of
p-EGM-AA and its charged form. Their unlimited capacity to mix with water allows to vary the content of
organic solvent from 0 to 1 volume portion.

a, %
170
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1 — water — ethanol; 2 — water — DMF; 3 — water - DMSO

Figure 5. Influence of volume fraction of organic solvent () on swelling of the hydrogels
based on the copolymer of p-EGM-AA 8.21:91.79 mol. %

When observing the swelling of the copolymers in separate solvents it has been found out that from the
range of studied low molecular mediums water is the most suitable for swelling of the copolymers of
p-EGM.

When adding organic solvent to the medium which was polymer swollen in water the shrinkage of the
volumes of hydrogel samples was observed. Depending on the nature of comonomers and the composition of
the copolymers of p-EGM—AA the contraction has the type of continuous transition. It might be the result of
the attraction of macromolecules’ chains to each other which depends on the presence of charged segments.
It should be noted that the function a (ng) changes not spasmodically and this process should not be consid-
ered as phase transition.

It is also necessary to note that the nature of organic solvent influences on the character of the depend-
ence curves. So the hydrogels are more globular in ethanol in comparison with such systems as DMF-water
and DMSO-water. This phenomenon can be explained by the polarity meanings and dielectric penetrability
of organic components considered.

Conclusion

So a brief review of the material given in this article shows that as a result of copolymerization of poly-
ethylene glycol maleate with acrylamide novel polymers of network structure has been obtained. The results
demonstrate the opportunities of directed control over physicochemical properties of the copolymers on the
basis of polyethylene glycol maleate and acrylamide induced by the composition of the polymer and by the
changes of external factors (pH, temperature, nature of the solvent, ionic strength of the solution) which al-
lows to develop novel materials with preliminarily programmed behaviour.
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I''K. Bypkeesa

Kanbiknaran noaud¢pup maiisip Herizinae conmosumepJiepai 3eprrey

CoipTKbl dakTopmapabiy (pH, TeMnepaTrypa, OpraHUKaibIK epiTKIIITep XOHE TOMEH MOJICKYJIAIBIK CAIMaFrbl
OeifopraHuKabIK TY3) ©3repyi apKbUIbl TOJHITHICHITHKOIbMAJICHHAT COMOIMMEPIHIH TOpJIaHy KacHeTiH Oa-
KblJIay MYMKIHIIri 3eprrenmi. ['paBumerpust oficiMeH 3epTTENiN JKaTKaH CONOJMMEpIepiH iciHy Kabinmeri
3eprrenni. ['unporensnepnin opransly pH esrepicine Toyennmi eKeHIIri, COHBIMEH KaTap COIIOJIMMEpIep
iCIHy — KOJITaTC — iCiHy THIIIHAE KaWTBIMIIBI YPIiCTep JKYPETIiHAIr aHbIKTALAEL. 3epTTEIIi OThIPFaH Telbaep-
IiH iCiHyiHIH HeTi3ri (akToprapsiHa OipJel 3apsaTaaFaH KapOOKCHII TONTAPEIHBIH MICKTPOCTATHKAIBIK Te0i-
Jic acepi JKoHEe aKpHJIaMUJ TOOBIHBIH THIPOJIM3i HOTIKECIHIE KapaMa-Kapchl 3apsaTalFaH OeleKTepIiH
naitna 6oirysl xkatajsl. [10MU3TUIICHTIIMKOIBMANICNHAT TICH aKpHJIaMUJL THAPOTeNbepi TeMIepaTypa acepine
TOyel/li, COHBIMEH KaTap TAyelALTiK dKcTpeManabl KacueT kepcereni. Cononumepiepain TOMEH MoJIeKya-
JBIK TY3Jap/bIH KaThIChIHA TOYEJIUIIK KOpceTeTiHi aHbIKTanabl. OnapblH Ty3/1ap KaThIChIHIA apajiac yiie
KOPCETETIHIr MONUATHICHIIMKOIbMAJIEHNHAT CONOJIMMEpIIEpIiH OybIHAAPbIHAAFbI aMU OailyIaHbICTAPBIHBIH
rugponusine Herizpenred. Cyna iciHreH monmMmep TYPIHAET! OpTara OpraHUKAaJbIK €PITKIMITI KOCKaH Ke3nie
3epTTENII OTHIPFaH ChIHAMAJIAP/ABIH Y3MiKCi3 KOHTPAKIUICH OalKaiasl, coiikeciHmie, Oy THApPOTeNbAepIiH
MeJIIepiHiH KbICKapyblHa oKenexi. [1ommiTHiIeHTIMKoIbMalleHHAT TIeH aKpHIaMU] CONONMMEpIIepiHiy ici-
HyiHe OpraHUKaJbIK ePITKIIITEPiH acepi epiTKIIITep i MOSIPIIBIFEl TYPFBICBIHAH TYCIHIpLIS/L.

Kinm co30ep: KaHbIKIaraH monud(uUp, KaHBIKIAFaH MOIUI(GUP MWAWBIPEI, COMOTUMEPIICHY, HOIMITHICHIIIH-
KOJIbMAJICHHAT, aKpUJIaMHUJI, COMOIUMED, TUAPOTeb, iICiHY.

I'.K. Bypkeea

HccnenoBanue COITOJTMMEPOB HA OCHOBE HCHACBIIICHHBIX HOJIHZ)(])I/I[)HLIX CMOJI

HccnenoBana BO3MOXKHOCTh YNPaBIEHHS CBOMCTBAMHU CETYATHIX COIMOJIMMEPOB MONUATHICHIIMKOIbMAIIEH-
HaTa ITOCPEACTBOM M3MEHEHUs BHENIHUX (akTopoB: pH cpensl, TeMuepaTypsl, IPUCYTCTBHS OPraHUYECKUX
pacTBOpHUTENICH M HU3KOMOJICKYJSIPHBIX HEOPTaHMYECKHX COJIeH. MeTonoM IpaBUMETpHH H3ydeHa Haly-
XaloIasi CIoCOOHOCTh MCCIEAYSMBIX COMOINMEPOB. Y CTAaHOBIICHO, YTO THAPOTENIN BOCHPHUUMYUBEI K H3Me-
Henuto pH cpenpl, py 3ToM 00pa3ibl COMOIMMEPOB IPETEPIIEBAIOT BO3BPATHBIA IIEPEX0 TUIIA HaOyXaHHe—
Kosutanc—Habyxanue. OcHoBonosIararoluMu (haKTopaMu, ONpEASNISIONMME HaOyXaHHe HCCIEeNyEMbIX Ire-
Jel, SBISIOTCS INEKTPOCTATUIECKOE OTTAIKMBAHHE OJHOMMEHHO 3apsKEHHBIX KapOOKCHIBHBIX IPYII U
BO3HMKHOBEHHE MPOTUBOIOJIOXKHBIX 3apsJ0B Ha MAaKpOLEMAX B pe3ylabTaTe T'MAPONIH3a aKPHIAMHIHBIX
3BeHbeB. 1loka3aHo, YTO IMAPOreNd MONUATHICHTINKOIbMAIEHHATA C aKPUIAMHIOM BOCTIPHUMYHBEI K BO3-
JEUCTBUIO TEMIIEPaTypHhl, 3aBHCUMOCTb CTEIIEHH HAaOyXaHHsS HOCUT 3KCTPEMANIbHBIA XapakTep. Y CTaHOBIICHA
BOCIIPUUMUYUBOCTb CONOJIMMEPOB K IPUCYTCTBHIO HU3KOMOJCKYIAPHBIX cosed. CMEIIaHHbIH PexXUM UX I0-
BEJICHUSI B TIPUCYTCTBUH COJNH OOYCIIOBJIEH THIPOJIM30M aMHIHOW CBSI3M B 3BEHBSIX COIIOJIMEpa ITOJIMITH-
neHrmKoiabpManenHara. [Ipu npubasieHnu K cpene, IpeacTapisiomeii coboif Habyxmmii B BoAe MOIUMeED,
OPraHMYeCcKOro PacTBOPHUTENS HAOMIOAAETCS HEMPEPhIBHASI KOHTPAKIIMSA HCCIETyeMbIX 00pa3IoB, YTO MPHUBO-
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JIUT K COKpalleHUI0 pa3mepoB runaporeneil. [logapnsiomniee neiictBue OpraHMYECKUX pacTBOPUTENIEH Ha Ha-
OyxaHHE COMOIMMEPOB MOIHITUIEHITTHUKOIbMATIEHHATA C AKPUIAMHUIOM OOBSICHIETCA C MO3HLUM MOJISIPHO-
CTH paCTBOPUTEIEH.

Kniouesvie cnosa: HEHACHIIICHHBIN HOJII/IB(i)I/Ip, HCHaCBIIICHHAasA HOJII/IB(i)I/IpHaSI CMOJia, conoJimmMepusanus, 1no-
JIMDTUJICHIVIMKOJIbMAJICUHAT, aKpuJiaMu/J, COIIOJIMMED, T'UAPOTreiib, Ha6yXaHI/Ie.
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