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Properties of cross-linked copolymers of polypropylene glycol maleate
with acrylic acid obtained at various concentrations of the RAF T agent

The initial polypropylene glycol maleate has been obtained by the polycondensation reaction.afymaleie,anhy-
dride and propylene glycol. The molecular weight of the synthesized unsaturated polyester f€sin_has,been de-
termined. The copolymers under study have been obtained by radical copolymerizationg@f psPGM. The pos-
sibility of synthesizing new polymers based on p-PGM with acrylic acid in the presen€e of a RART agent has
been shown. The effect of RAFT agent concentration on the network density and preductyield has been stud-
ied. It has been found that the yield of the cross-linked polymer decreases, its swelling €apacity increases, and
the yield of the linear polymer increases with an increase in the RAFT agent concentration. The effect of or-
ganic solvents, pH, and low-molecular-weight salts on the swelling degree ofithe'synthéesized copolymers has
been investigated. The research results demonstrate that the suseeptibility of\polymer hydrogels to organic
solvents and changes in pH, and low molecular weight salts, is affegted byfthe amount of RAFT agent in the
polymer. The synthesized objects have been characterized by infraredyspectroscopy. Scanning electron mi-
croscopy has estimated the polymer surface morphology and pgre sizes.

Keywords: unsaturated polyester resin, polypropylene glyeel maleate, RAFT-polymerization, swelling, collapse.

Intreduction

Currently, the search for materials with gontrollable properties and sensitivity to environmental changes
is one of the key issues in macromolecular compound chemistry [1, 2]. Such polymers’ ability feature is to
sorb a huge amount of water and bind lowamolecular weight substances dissolved in it [3, 4]. Unsaturated
polyesters are among promising co-mionomers for synthesizing these materials [5].

Unsaturated polyester resins,(UPRs) are increasingly being used. They occupy leading positions among
composite materials due to the ease offpreduction the availability of raw materials [6]. Prior to our research,
a literature-patent search showed [7].the absence of data on radical copolymerization of UPRs with ionic
monomers, which opens prospéctsifor the synthesis of new “smart-systems” [8].

As practice shows; when UPRs interact with vinyl monomers, the reaction is not controllable and leads
to an insoluble product with a chaotic network arrangement in space. The solution to this problem becomes
possible due to th@creation of a general concept of macromolecules controlled synthesis [9]. “Pseudo-living”
radical polymerization is"of considerable interest from this point of view. This assists in replacing uncon-
trolledgehain termination reactions with reversible reactions by adding RAFT agents, allowing regulation of
the guadratiesehain“termination [10].

Using radical polymerization reactions under such conditions makes it possible to design a macromole-
cule as past af a polymer matrix to obtain (co-)polymers with a given molecular weight, block, and graft co-
polymers with a controlled length, predictable properties [11].

In this regard, an attempt was made to change the copolymerization reaction of polypropylene glycol
maleate (p-PGM) with acrylic acid (AA) in the presence of a RAFT agent at various concentrations. The
sorption properties of new polymers were analyzed as a function of changes in the pH of the medium, the
concentration of low molecular weight salts, and the choice of organic solvents.

Experimental

The following reagents were used: Propylene glycol, maleic anhydride, acrylic acid, benzoyl peroxide,
zinc chloride, 1,4-dioxane, RAFT-agent (2-Cyano-2-propyl dodecyl trithiocarbonate/CPDT) from Sigma-
Aldrich.
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According to the standard procedure [12], initial p-PGM was obtained by the polycondensation reaction
of maleic anhydride and propylene glycol at 423-453 K. The molecular mass of the synthesized p-PGM was
determined indirectly by the amount of released water and the content of acid and hydroxyl numbers by the
titrimetric method. The p-PGM molecular mass obtained by these methods averaged 2442 a.m.u.

Radical copolymerization of p-PGM with AA was carried out under the following conditions: 50:50
mol% co-monomer ratio, 333 K. Dioxane (1:1 weight ratio) was used as a solvent, and benzoyl peroxide was
used as an initiator. After purging with an inert gas for 30 minutes, the radical copolymerization was carried
out for 52 hours. The resulting copolymers were washed with dioxane and dried to constant weight in a vac-
uum drying oven.

Controlled polymerization was carried out similarly to the synthesis of p-PGM-AA, but with the addi-
tion of the calculated amount of the RAFT agent (2-Cyano-2-propyl dodecyl trithiocarbonate CPRT) in di-
oxane solution to initiate the “fluid” polymerization process. The reaction mixtures were poured into am-
poules, degassed in a vacuum unit, and sealed. Then the ampoules were placed in a thermostat anthincubated
for 52 hours at a temperature of 70 °C. The ampoules were cooled at the end of the”polymerization and
opened. The resulting reaction products were separated quantitatively, and then the cross-linkediedpolymers
filtered from the mother liquor were dried in a vacuum drying oven until a constant weight wasyestablished.

The composition of the synthesized copolymers was determined on a Shimadzuseliromatograph (Japan)
using HPLC by the number of unreacted monomers.

IR spectra of these samples were recorded in KBr pellets on a FSM 12@dsspectrometer. Samples for IR
spectroscopy were prepared by long-term grinding of 2 + 0.1 mg of a sample @1thy200 + 0.1 mg of dry KBr.
The samples were pressed at 200 atm. The IR spectra of the obtained fmaterials/were recorded on a device
with the best possible resolution of 1 cm™ to measure the relatiye transmittance. The number of re-scans was
increased to a maximum of 50.

The surface morphology of the samples was investigatedyon ‘@scanning electron microscope MIRA3
(TESCAN, Czech Republic).

Equilibrium swelling of the obtained copolymersiwas ‘aehieved within 1-2 days. The swelling degree
a (%) of the polymers was measured gravimetrically. The'¢alculation of a (%) was performed as the ratio of
the absolute mass of the swollen hydrogel at the peint of equilibrium swelling to its initial mass in the dry
state.

Aqueous solutions of low molecular weight salts (LMWS) CuSO., FeCls, Pb(NOs), were prepared in
calculated amounts from 0.001 to 1 volume fraction to determine the swelling of copolymers in solutions.
Buffer solutions of working ethanol pH_of theythird category ST-pH-04.3 were used to determine the swell-
ing ability of the synthesized copolymerswith a change in the pH of the medium.

The following solvent mixtuses were ¢hosen as model systems: water — ethanol, water — DMF, water —
DMSO, the content of which varied from#0 to 1 volume fractions.

Results and Discussion

As already neted [8, 9refractory spatially cross-linked copolymers are formed during copolymeriza-
tion of unsaturated pelyester resins at all ratios of the monomer mixture. In this regard, it seemed interesting
to follow the change duking the copolymerization reaction to the addition of a RAFT agent. Data on the syn-
thesis of copalymersyas well as with the addition of CPDT various concentrations, are shown in Table 1.

Table 1

Influence of the RAFT agent concentration on the mechanism of copolymerization of p-PGM
Wwith AA in dioxane solution, T = 343 K, [I] = 8:10° mol/L, [M1+M2]=49.9:50.1 mol.%,
the solvent ratio [M1+M2]=1:1 by weight

Cross-linked Swelling of the cross- |, . .
[RAFT]-108, mol/L polymer yield, % linked Solymer, o % Linear polymer yield, %
- 96.93 £1.78 187.12 + 6.56 —
10.02 94.15+6.24 201.16 £3.70 3.87+1.59
30.01 78.21 £6.62 267.21 £4.96 13.52 +1.65
50.01 49.42 +£2.72 314.17 £4.92 47.45+2.51
80.03 4.96 +3.24 385.11 +6.44 9226 £6.11
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Data in Table 1 demonstrate that the copolymerization reaction proceeds in two directions with the for-
mation of spatially cross-linked and linear copolymers. Each obtained product swells or dissolves in polar
solvents, respectively, while antibaticity is observed in the product yield. It should be noted that there is an
increase in the swelling degree of the copolymers obtained at high concentrations of RAFT agent. This phe-
nomenon can be explained by a reduction in the network density due to a decrease in the reaction of bimo-
lecular chain termination with the addition of the chain transfer agent.

IR spectral analysis of the copolymers (Fig. 1a) shows absorption band in the region of 775 cm* caused
by pendulum vibrations of —CH,— bonds, as well as an absorption band at 1153 c¢cm?, confirming the
presence of -C-O—C— ester bonds. An intense peak at 1300 cm in the spectrum indicates the presence of
the -C=C- polyester group. Absorption bands at 1736 cm~! and 2986 cm are characteristic of the presence
of —C=0 and symmetrically located —CH bonds in the CH, and COOH groups, respectively. It should also be
noted the presence of signals at 2866 cm™ indicates the presence of the =C-H group of the ‘aromatic
hydrocarbon.
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Figure 1. IR spectra of copolymers of the p-PGM-AA (@); p-PGM-AA-[CPDT] = 80-10-% mol/L (b)

Furthermore, the obtained IR spectra (Fig. 1b) of the p-PGM-AA-CPDT copolymers have been ana-
lyzed. There is an absorption band in the region of 3545 cm?, which is characteristic of the O—H bonds.
There is an absorption band in the region /3082 cm, which is responsible for the stretching vibration of
the =C—H bond of the aromatic compoundy, and a weak stretching vibrations band of the C—H groups of the
aliphatic hydrocarbon in the régien'of 2997 cm. In addition, there is the manifestation of symmetrical vi-
brations of CH3 groups in the regien ofid:381 cm™ and scissor bending vibrations of CH; groups in the region
of 1466 cm™ and 1454 cm*gwhich indicates the presence of branched hydrocarbons. In the spectra of copol-
ymers with an increased RAEF agent concentration, signals are observed at 2244 ¢cm?, which indicates the
presence of CN. The data was.exported in the form of tables for processing in third-party software.

The spectra were Ihverted by subtracting the relative transmittance from unity. The positions of the ab-
sorption maximadweredetected by the program, after which the amplitudes of the maxima were refined by
approximating,the Gausstan contours (Fig. 2 a, b).

Thepelymer’s surface morphology was determined by scanning electron microscopy. As shown in Fig-
ure 8, the surface of the p-PGM-AA polymer particles (a) has cleavage points characteristic of hard, brittle
materials.

Thedpredominance of a layered, loose structure and the appearance of pores are seen in the image for
samples containing p-PGM-AA-CPDT (b). The chipping of particles is more plastic in comparison with the
p-PGM-AA polymer. The results of electron microscopy confirm that an increase in the CPDT content in the
composition of the polymer-monomer mixture affects the distribution and size of the formed pores, which
causes a high swelling degree.

The presence of functional units in the hydrogel structure, which is capable of ionization, increases their
sensitivity to various changes in the parameters of the external environment.
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Figure 3. Surface morphology of the polymer p-PGM-AA (a);
surface morphology of the polymer p-PGM-AA-[CPDT]=80-10" mol/L (b)
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The pH of the medium is one of the external environment parameters that can significantly affect the
polymer gels properties. In this section, the swelling ability of the synthesized copolymers based on
p-PGM:AA and p-PGM-AA-CPDT was evaluated with a change in the pH of the medium (Fig. 4).
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Figure 4. Effect of the medium pH on théivoldme, ofthydrogels
based on p-PGM-AA and p-PGM-AA-CRBT copalymers

In Figure 4, the shape of the swelling curves of p-PGM-AAycopolymer samples is similar to the net-
works containing a chain transfer agent. However, loweg sensitivityto changes in the pH of the medium ap-
pears with an increase in the RAFT agent contentin the composition of the initial polymer-monomer mixture
at the same content of p-PGM-AA. The networkidensity fundamentally affects the pH dependence of the
swelling of p-PGM-AA and p-PGM-AA-CPDT.

The chain of the non-dissociated p-PGM-AA macromolecule tends to curl up at low pH values com-
pared to p-PGM-AA-CPDT. As the pH rises, the dissociation of ionogenic groups (-COOH... HOOC-) of
the p-PGM-AA macromolecule increases, Which contributes to the straightening of the folded chain as an
effect of mutual repulsion, resulting4n smeoth polymer swelling. A further shift of the solution pH to an al-
kaline region has no significantieffect,on the polymer macromolecules conformation.

The swelling degree in theagidicregion does not change noticeably when the RAFT agent concentra-
tion is up to 30-10° mol/LgHeweVverga more significant change in the swelling degree depends on the pH
when the RAFT agent contentss aver 30-10- mol/L.

Thus, the data presentedyshews that hydrogels based on copolymers p-PGM-AA and p-PGM-AA-CPDT
behave as typical palyeleetrolytes containing ionized acid groups covalently attached the main chain. Fur-
thermore, we studied the effect of the presence of solvents binary mixtures (DMSO, DMF, and ethanol) on
the sorption properties,of‘the synthesized polymers (Figure 5).

Eigure 5 demonstrates p-PGM-AA and p-PGM-AA-CPDT-based gels in the fraction range of 0.2 to 0.8
voldin the/water — DMSO mixture are gradually compressed. This may be because carboxyl groups’ disso-
ciationidegree, providing electrostatic repulsion of the subchains from each other, decreases, and a collapse
occurs. When'DMF and ethanol are added to the system, the volume-phase transition occurs at lower values
of the added solvent, which is associated with a lower dielectric constant of the last one.

The smallest swelling degree of the p-PGM-AA and p-PGM-AA-CPDT copolymers is observed in the
case of ethanol as the least polar solvent in the DMSO>DMF>ethanol series. It should be noted that the co-
polymers swelling degree, depending on the solvent concentration, reduces with a decrease in the RAFT
agent concentration. It follows from the above that practically all hydrogels are characterized by a high de-
gree of sensitivity to the quality of the solvents used and behave in the same manner.
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Figure 5. Effect of the volume fraction'0@f DMSO (a), DMF (b), ethanol (c)
on the hydrogels swelling based'on p-PGM-AA and p-PGM-AA-CPDT copolymers

The study of the metal ions interaction pracesses with cross-linked polymers is of interest to researchers
in this field, and many works of both foreign and domestic scientists are devoted to them [13]. According to
the literature [14-17], polymerinetwarks can both swell and undergo collapse in solutions of low molecular
weight salts (LMWS). Previouslyjwve carried out experiments to determine the influence of external factors
on the behavior of hydrogel§iniinorganic salts solutions [18, 19]. However, the obtained results do not allow
for creating a unified theory of the interaction of low molecular weight compounds with polymer macromol-
ecules. In this regard, in the“centinuation of research in this direction, it seemed interesting to study the be-
havior of RAFT polymersibased on p-PGM-AA in solutions with an increase in the concentration of mono-,
bi- and trivalent salts (Figure 6).

Figure 64(a, b, ¢),shows the swelling behavior of p-PGM-AA and p-PGM-AA-CPDT copolymers de-
pending on) the“¢eneentration of added low molecular weight electrolytes, namely Pb(NOs3),;, CuSO4, and
F€C|3.

The grapbical dependence shows that an increase in the salt concentration to a certain value (about
102 mol/)4does not have a significant effect on the size of hydrogel. A further increase in the ionic strength
has practically no effect on the o value. It can be seen that with an increase in the salt concentration (from
102 mol/L), the ions osmotic pressure in the solution increases, resulting in the contraction of the polyelec-
trolyte hydrogel.

The contraction of hydrogels in LMWS solutions during the alteration from trivalent to bivalent is ob-
served at high values of the salt concentration, respectively. Thus, an increase in the LMWS content in the
network leads to the contraction of the copolymer. This may be due to several reasons: first, an increase in
the concentration of salts in the solution worsens the thermodynamic quality of water, and secondly, the
polyelectrolyte effect may be suppressed by the addition of low molecular weight substrates in the surround-
ing solution.
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Figure 6. Effect of the volume fraction of CuSO, (a)Rb(INOs), (b), FeCls (c) on the swelling of hydrogels
based on p-PGM-AA and p-PGM-AA-CPDT copolymers

Conclusions

For the first time, copolymers Based on p-PGM-AA with the addition of a RAFT agent (CPDT) in vari-
ous concentrations were obtained by theymethod of controlled radical polymerization.

The study of the copolymerizatiop reactions of unsaturated polyester resin, namely polypropylene gly-
col maleate with acrylic agid,sShewed that the addition of small amounts of RAFT agents significantly af-
fected not only the netwiork'density but also the product yield.

Based on the results of scanning electron microscopy, it was found that copolymer samples with the ad-
dition of a RAFTgagent have a loose, porous surface with average pore size in the range from 0.39 nm to
2.04 nm.

The'gravimetric/method for determining the swelling degree of the synthesized hydrogels proves that an
increase in'the,CPDT content in the initial polymer-monomer mixture at the same p-PGM-AA content makes
it possible to obtain a product capable of absorbing a significantly larger volume of water.

Thejeffect of external factors (pH of the medium, quality of the organic solvent, and the solution ionic
strength) on the swelling ability of copolymers without the addition of a chain transfer agent and samples
containing various concentrations of the RAFT agent has been established.

Thus, understanding the dependence of the density and the network range on the RAFT-agent concen-
tration makes it possible to “regulate” the structure of the copolymers, thereby avoiding chaos in the struc-
ture. Besides, varying the concentration of the RAFT agent will allow purposefully synthesizing copolymers
with desired properties based on experimental and mathematical methods, as well as to control the cross-
linking degree and the swelling degree of polymers.

Considering the fact that the concentration of the RAFT agent contributes to a decrease in the polymer
network density, it is possible to obtain new “smart” systems with desired properties that can change the
swelling capacity under the influence of various external factors.
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Properties of cross-linked copolymers of polypropylene glycol maleate ...

M.XK. bypkees, M.C. Xynicosa, }O. [Tnouek, A.T. Kaxxmyparosa, T.C. XKymaranuesa

PA®DT areHTiHiH IPTYPJii KOHHEHTPANUSIAPHIHAA AJTBIHFAH AKPHJI KbIIIKbLIBIMEH
NMOJIMNPONUJIEHTJIMKOJIbMAJIENHATHIHBIH TIiTJITeH cONoJMMepJIePiHiH KacueTTepi

Bacrankel  mONMIPONMMICHTIMKOIBMANEHHATHl ~ MaJE€MH  aHTHUAPWUAI  MEH  IPONHJICHTIIMKONBIIH
HOJIMKOH/ICHCAIIMSIAHY PEaKIMACHl apKbUIbl albIHABL. CHHTE3/ICNITCH KaHBIKIAFaH MONUA(GUD MIAHBIPBIHBIH
MOJICKYJIANBIK CAJIMaFrbl aHBIKTAJIbl. 3EPTTEIETIH COMOIMMEPIEP PAJHKAIIBI CONOIUMEPIICHY PEaKIUAChI
apkputel I-[II'M meH KaHbIKIaraH KapOOH KBIIKBUIBIHBIH HerisiHae anbiHabl. RAFT-areHTiniH opTypii
KOHIIEHTPALUACHIHBIH KaTbICybIMeH M-III'M MeH akpuil KbIIIKBUIBI HETi31H/IE KaHa MOIMMEPIIEP/i CUHTE3 ey
MYMKiHZiri kepceringi. RAFT-arenTiHiH KOHIEHTPAIMACH! MOJIUMEP TOPBIHBIH THIFBI3IBIFEIHA KOHE OHIM
IIBIFBIMBIHA acepi 3epTTenai. RAFT-areHTiHIH KOHIEHTPAIMACHIHBIH KOFapbUIaybIMEH TITUITeH MOJIHMMepIiH
NIBIFBIMBI TOMCHJICHTIHI )KOHE OHBIH iCiHY KaOlIeTi )KOFapbUTaUTHIHBI, COHBIMEH KaTap CHI3BIKTHI MOJHMEP/IiH
IIBIFBIMBI JKOFAPBUIAMTHIHGI aHBIKTAIIbl. CHHTE3[EIreH CONONMMEpIIepIiH iCIHy JopeKeciHe OpnaHHKAIIBIK
epiTkimrepaiH, pH opTaHBIH ’koHE TOMEH MOJICKYJIAIbl TY3IapJAblH dcepi 3epTTenai. 3epTTey, HoTHKeIepl
MONUMEpPIl THUAPOTENbIEPAIH OPraHUKAJbIK EpPITKIITEPAiH KOHLEHTPAIMSICHIHBIH ©3repyiHegokonen pH
OpTaHbIH 3repyiHe, COH/a-aKk TOMEH MOJISKYJIANBIK TY31ap epITiHALIEPIHIH ce3iMTaAbIFbIHA NONMMepIeE!
RAFT-arenTTiH Memmepi ocep eTeTiHAINiH KkepcerTi. llomunponuneHrnukonbMaaeuHar = IeH “aKpuil
KBIMIKBIIBI HETi31HAETi OOBEKTiIep MH(PAKBI3BUI CIIEKTPOCKOMMUSICH! apKbUIbl CHNATTanadblgCKaHepIeyi
ANIEKTPOH]IBI MUKPOCKONTHIH KOMETiMeH IOJIMMepIIepAiH OeTKi MOp(oIOTrnsIChl 3epTTeleH, COHBIMEH KaTap
TOp eJmeMaepi OaraaHFaH.

Kinm ce30ep: KaHBIKNaFraH MOJUI(PUDP MIAHBIPHI, MOJUIPOMUICHIINKOIbMAaTCHHAT, ARAF T-RomuMepu3anus,
iCiHy, KOJIIaIC.

M.X. Bypkees, M.C. XKynucoga, O. [1nonek, A.T. KaxpiMyparosa, T.C. )Kymaranuesa

CBoiicTBa ceT4aThIX COMOJIUMEPOB MOJTHITPOHUAEHTIITHKOJIbMATCHHATA
C aKPUJIOBOM KHUCJIOTOM, IOJYy4YEeHHbIX IPH Pa3 M4 HbIX KOHUeHTpauusax RAFT-arenra

Peaknueli MOMMKOHCHCAMY MaJEHHOBOTO AHTMAPHIA W IPOIHICHITIMKOIS MTOJIy4eH WCXOMHBIN MOJIHIPO-
HUICHIIMKONbMaienHaT. OnpezeneHa MONeKyJSIpHasMaced CHHTE3UPOBAaHHOW HEHACBIIEHHON 1oIM3dup-
HOH cMonsl. [lyTem pamukaibHON comoimMepu3amu M-111 M ¢ HeHachIIEHHOH KapOOHOBOM KHCIOTOI mmo-
JIy4eHbI HCCIIeayeMBble cornoiuMepsl. [Iokazala BO3MOXKHOCTE CHHTE3a HOBBIX HOJIMMEPOB Ha ocHoBe 1-I1I'M
C aKpWIOBOH KUCIIOTOH B mpucyTcTBuM,RAFRT-arenta. Uzyueno BmusiHue koHueHTpauuu RAFT-areHra Ha
IUIOTHOCTh CETKH M BBIXOJ[ MPOAYKIA. YCTaHOBIECHO, UTO C yBeNMUeHHeM KoHIeHTpanun RAFT-arenrta
YMEHBIIIAeTCs BBIXO]] CETYATOro AOINMEpa, yBEININBAETCS €ro HaOyXaromas CIoCOOHOCTD, a BBIXOJ JIMHEH-
HOTO MonmMepa Bo3pacTaer. ViceienoBaHO BIMSHUE OPraHWYECKHX pacTBopHTened, PH cpensl, HH3KOMOIIE-
KYJIIPHBIX COJICH Ha cTeneHb HaOYXaHHss CHHTe3UPOBAHHBIX COMOJIUMEPOB. Pe3ynbTaThl HCCIeJOBaHHI MOKa-
3aJI1, YTO Ha BOCIIPHUMYHBOCTBYIOIMMEPHBIX THIpOreseil K IPUCYTCTBUIO OPraHUUECKUX PAaCTBOPUTENEH U K
n3MeHeHuo PH cpensl, a Takoke HEBKOMOJIEKYJISIPHBIX coneil Biuser konundectBo RAFT-arenta B nmonumep-
MOHOMepHOH cMecH, CufiTe3upoBaHHbIE OOBEKTHI 0XapaKTEePH30BaHBI METOJAMH WH(PAKPACHOH CIIEKTPO-
ckonud. [Jocpe€rBOM CKaHUPYIOLIEH 3IEKTPOHHOH MHUKPOCKOIIMH HCCIIeNOBaHA MOP()OIOrUs MOBEPXHOCTH
HoNMMepa A OIeHEHBI pa3MephI Top.

Kniouesviel, cnosq: HEHACHIICHHas TONMI(HpPHAs CMONA, IOJHIIPONMICHIINKoIbManenHat, RAFT-
HOJIMMepH3alKs, HAbyXaHue, KOJUIanc.
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