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Influence of the RAFT Agent on the Reaction Direction of the Copolymerization
of Polypropylene Glycol Maleate with Acrylic Acid

This work demonstrates the capability of synthesizing new polymers based on unsaturated polyester and
acrylic acid in the presence of a chain-transfer agent in a dioxane solution. The initial unsaturated polyester
resin was derived from the polycondensation reaction of alcohol and maleic anhydride. The molecular weight
of the polypropylene glycol maleate was determined by gel permeation chromatography. The dependence of
the structure, network density and product yield on the concentration of the RAFT agent was proven. It was
found that the greater the amount of chain-transfer agent in the monomer mixture, the lower the yield of the
crosslinked polymer and the greater the yield of the branched copolymer. The composition of the studied co-
polymers was determined by FTIR spectroscopy in conjunction with the chemometric method of partial list
squares in the R environment. The synthesized objects were characterized by infrared spectroscopy methods
and were approximated by Gaussian contours. The study results show that the RAFT agent concentration, as
well as the initial ratio of monomers in the copolymer affects the products yield. The surface topography of
the studied copolymers was recorded by scanning electron microscopy. The molecular chain structure of the
branched copolymers was confirmed by NMR spectroscopy.
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Introduction

Currently the interest of researchers is directed to the search for new materials for the synthesis of
polymers with desired properties and controlled characteristics [1, 2]. From this point of view, unsaturated
polyester resins based on polypropylene glycol maleate and acrylic acid are interesting objects for theoretical
and practical research, since they have been used in the production of smart systems with a wide range of
applications [3, 4].

Due to the presence of a reactive double bond in the composition, unsaturated polyester resins easily
enter into a copolymerization reaction with ionic monomers, forming cross-linked copolymers with a random
network arrangement. As practice shows, this is because radical polymerization has limitations in terms of
the degree of control over the molar mass distribution, copolymer composition, and macromolecular
architecture [5].

In this regard, the attention of researchers is attracted by new effective polymers that provide unlimited
possibilities for controlling their properties under conditions of reversible chain transfer by the addition—
fragmentation mechanism (RAFT) [6]. The RAFT agent influence on the radical polymerization process is
due to a change in the course of the reaction of bimolecular chain termination through its interaction with the
growing macroradical and transition to a dormant state up to a certain point. There is a possibility of further
chain growth under certain conditions, when a radical removal from the latter is possible and, thus, a step-
wise growth of a macromolecule is formed, and an impression of a “pseudo-living” radical polymerization is
created [7-9]. Such behavior of the polymerizing system is used to obtain polymers with a narrow molecular
weight distribution, as well as block copolymers and graft copolymers [10, 11].

Previously, we established the possibility of synthesizing [12] and studying the properties [13] of new
RAFT polymers based on polypropylene glycol maleate with acrylic acid. These results showed that the con-
centration of the chain-transfer agent affected the network density and also led to the formation of a soluble
branched polymer. The obtained results demonstrate that work in this direction is promising in terms of ob-
taining new “smart” systems with desired properties.
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However, for the purpose of a comprehensive in-depth study of the obtained materials it seemed inter-
esting to continue research in this direction and follow the reaction course of radical copolymerization of
polypropylene glycol maleate with acrylic acid in the RAFT agent presence. It was promising to establish the
regularity and feature of RAFT-polymerization, calculate the composition and also study the density of the
spatial network of the obtained copolymers.

Experimental

There were used the following reagents in this work: propylene glycol, maleic anhydride, acrylic acid
(AA), benzoyl peroxide, zinc chloride, 1,4-dioxane, RAFT-agent (2-Cyano-2-propyl dodecyl trithio-
carbonate CPDT) from Sigma-Aldrich.

Polypropylene glycol maleate (p-PGM) was derived from the polycondensation reaction of propylene
glycol and maleic anhydride at a temperature of 433-443 K. The polycondensation was carried out according
to the standard procedure [14] in the presence of a zinc chloride catalyst in a nitrogen flow to avoid
gelatinization. Polycondensation was carried out for 16 hours. The molecular weight of the synthesized
p-PGM was determined by gel permeation chromatography (GPC).

Radical copolymerization of p-PGM with AA (10:90 mol %) was carried out in a dioxane solution (1:1
by mass) in the presence of benzoyl peroxide (PB) as an initiating agent at 333 K. After purging with an inert
gas for 30 minutes, the radical copolymerization was carried out for 52 hours. The resulting copolymers were
repeatedly washed with dioxane and dried to a constant weight in a vacuum drying oven.

RAFT polymerization of p-PGM-AA was carried out in a dioxane solution with the addition of the
RAFT agent. Monomer solutions were poured into ampoules, degassed in a vacuum unit, and then sealed;
the ampoules were placed in a thermostat, in which the temperature was maintained with an accuracy of
+0.10C for 52 hours. After a period of time, the ampoules were cooled and opened. The products obtained as
a result of the reaction were divided quantitatively: the cross-linked polymers were filtered from the mother
liquor and sent to dry in a vacuum oven until a constant weight was established. Branched polymers were
precipitated from the mother liquor in alcohol.

The structural parameters of the molecular chain of branched p-PGM-AA-CPDT copolymers and the
initial p-PGM oligomer were determined through *H-NMR spectroscopy in deuterated CDCl; using a JNM-
ECA Jeol 400 NMR spectrometer.

The composition of the derived polymers was determined by HPLC on a Shimadzu (Japan) chromato-
graph by the amount of unreacted monomers, as well as by IR spectroscopy.

Fourier-transform infrared spectra of the copolymerization products were recorded on an FSM 1201.
For complete reliability of the obtained data, the IR spectra of the reaction products were recorded in a KBr
tablet, absorption spectra were recorded in the range of 450-4000 cm™.

The surface topography of the samples was carried out on a MIRA3 scanning electron microscope
(TESCAN, Czech Republic).

The swelling behavior of the copolymers was identified gravimetrically by the formula:

m, —m
a(%)=——-2x100,
mO
where, m; and mg are the masses of swollen and dry copolymer, respectively.

Results and Discussion

In our previous studies [12], the use of controlled radical polymerization in the presence of RAFT
agents made it possible to obtain polymer matrices with a less rigid structure, capable of sorbing a signifi-
cantly larger volume of water, as well as to obtain branched copolymers. Thus, in continuation of these
works, this article studied the effect of RAFT agent concentrations on the direction of the copolymerization
reaction of polypropylene glycol maleate (p-PGM) with acrylic acid (AA) at a molar ratio of 10:90. Table 1
illustrates the calculated data for copolymerization with the addition of a RAFT agent.

According to Table 1, the copolymerization of p-PGM with AA vyields two products, branched and
cross-linked copolymers. It is established that the higher the concentration of the RAFT agent contained in
the monomer mixture, the greater the yield of branched copolymers. It should be noted that the yield of net-
work copolymers is higher than in the case in the ratio of 50:50 [13]. Also, with an increase in the amount of
chain transfer agent, the degree of swelling of network copolymers increases, which is associated with a de-
crease in network density.
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Table 1

Radical copolymerization of polypropylene glycol maleate with acrylic acid in a dioxane solution
in the presence of a RAFT agent. [M1]:[M2] = 9.9: 90.1 mol %, T = 343 K, [PB] = 8-10~ mol/I

Cross- linked Copolymer Branched copolymer
[RAFTL mM 1 vield, 06 [Tﬂl(])iF';};] S"‘&e"(',zg' Yield, % [”h}ll(])iFr(I};]
- 97.16 10.74:89.26 109.14 - -
10.01 93.15 10.43:89.57 133.18 3.46 5.5:94.5
30.03 91.02 10.61:89.39 156.21 5.23 8.33:91.67
50.01 81.81 10.78:89.22 191.13 13.70 7.9:92.1
80.02 74.23 9.80:90.20 204.18 20.59 9.67:90.33
100 _97.16 93.15 91.02
20 = . 81.81
30 v =-1.0157x2+ 0.3743x + 97.524 . 74.23
R = 0.9871 o
70
£ 60
= 50
ﬁ 40
30 v = 0.9686x - 0.6694x - 0.05 20.59
20 R? =0.9859 13.7 o
10 | 3.46 5.23 -
0 e * *
0 10 30 50 80
CPDT, C, mM

#— Cross-linked polymer
#— Branched polymer

Figure 1. Dependence of the RAFT agent concentration on the polymer yield

From Figure 1 it can be seen that the dependence of the products yield is polynomial of the second or-
der.

The mass ratio of polyacrylic acid units and polypropylene glycol maleate units in the synthesized ob-
jects was determined by FTIR spectroscopy in compatibility with the chemometric method of partial list
squares [15] performed in the R environment [16, 17]. Mixtures of p-AA and p-PGM were prepared for the
calibration spectrum. A homopolymer mixture with compositions of 1.0, 3.0, 5.0, 7.0, 9.0, and 10.0 % p-AA
and p-PGM was ground to 100 % for a long time in a mechanical agate mortar together with potassium chlo-
ride. To achieve the ultimate accuracy of the IR spectra in three repeated samples, abrasion was carried out
for 30 minutes.

The sample preparation of the synthesized copolymers was carried out in a similar way. Three tablets
were prepared from a carefully homogenized mixture. The infrared spectra of tablets containing 4.0 mg of
polymers in 300.0 mg of KBr were recorded in the range of 450...4000 cm™. The data from the spectra were
entered into the R environment for the next mathematical processing. Model training with cross-validation
was performed on averaged samples. To calculate the mass fraction of polyacrylic acid units in polymers
(Table 1) for three parallel samples, the Student’s coefficient was taken into account with a confidence level
p=0.95. The obtained mass values were converted to molar ratios.

Figure 2 shows the IR spectra of p-PGM-AA and p-PGM-AA-CPDT copolymers.

The IR spectra of the copolymers show (Fig. 2 a) absorption bands in the region of 787 cm™ attributed
to CH,- bonds and bands in the region of 1133 cmindicating the presence of -C—-O—C— ester bonds. The
spectrum exhibits a pronounced peak in the region of 1282 cm™, which is responsible for the —-C=C—moiety
of the polyester group. Further, the presence of signals at 1627 cm™ and 3027 cm™ indicates C=0 bonds of
the —COOH group and symmetrically located —CH bonds in CH,, respectively. It is worth noting the signal
in the region of 3711 cm* indicating the presence of —~OH groups.
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Figure 2. The IR spectra of p-PGM-AA (a) and p-PGM-AA-[CPDT] = 80mM (b)

Further, the IR spectra of RAFT polymers, namely p-PGM-AA-CPDT (Fig. 2b) were obtained. There
was a signal in the region of 3753 cm™, which was characteristic of hydroxyl groups. An absorption band in
the region of 3787 cm™ was attributed to the =C—H bonds of the aromatic compound and a weak band in the
region of 2187 cm™ was due to C—H groups of the aliphatic compound.

An analysis of the IR spectra showed that the p-PGM-AA molecular chain contained -COOH and
—CH, groups, which served as transverse bridges in the formation of the cross-linked structure of
copolymers. Thus, the mechanism of the copolymerization reaction of p-PGM with AA in the presence of
benzoyl peroxide initiator can proceed according to the following scheme shown in Figure 3.

Figure 3(b) shows the formation of branched copolymers by reducing bimolecular chain terminations
with the help of adding a RAFT agent.

In order to identify branched polymers, their NMR spectra were obtained. In the spectrum, signals of
maleic groups and groups characteristic of p-PGM are observed, which are similar to the data of the initial
oligomer (Fig. 4). The *H NMR spectrum of p-PGM-AA-CPDT shows a broad signal in the region of 1.13-
1.28 ppm that corresponds to the -CH, protons of the Hb groups, which are closer to oxygen. Two multiplet
signals in the region of 4.01-4.27 and 3.64 ppm point to the protons of simple and ester methine as well as
methylene groups of the aliphatic hydrocarbon Hc and Hd. Multiplet signals at 5.02-5.22 and high-intensity
multiplet at 6.78-6.82 ppm are assigned to the ~-CH=CH- proton of the He group.
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Figure 3. Schematic structure of p-PGM-AA (a), p-PGM-AA-CPDT (b)

In the **C NMR spectrum of the copolymer Ca and Cb signals at 16.35 ppm correspond to methyl and
methylene carbon atoms. Signals of alkyl groups, Cc and Cd, located next to simple and complex ether
groups are in the region of 66.67 and 69.22 ppm. Signals with a chemical shift of 133.83 ppm indicate eth-
ylene carbon atoms, namely Ce. The carbon atoms of —COOH groups and C=0O fragments appear at
134.09 ppm.
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Figure 4. NMR spectra of p-PGM:AA:[CPDT] = 80 mM and p-PGM copolymers

In continuation of the study, the surface topography of the copolymers was determined by SEM.
From Fig. 5(a), under a magnification of 2 nm, it is observed that the surface of the p-PGM-AA cross-
linked copolymer particles (a) has brittle cleavages corresponding to solid objects.

SEM HV: 15.0 kv WD: 6.28 mm | SEM HV: 15.0 kV WD: 6.51 mm L MIRA3 TESCAN|
View fleld: 61.4 pm Det: SE n View fleld: 37.3 pm Det: SE
SEM MAG: 4.51 kx erformanc: anospa: SEM MAG: 7.43 kx Performance In nanospace

Figure 5. Surface morphology of p-PGM-AA polymer (a);
polymer surface morphology p-PGM-AA-[CPDT] = 80-10° mM (b)

Micrographs of samples containing the RAFT agent p-PGM-AA-CPDT (b) show that the surface has a
layered, loose structure with pores. The surface of RAFT polymers is softer and more airy compared to p-
PGM-AA copolymers. The electron microscopy images confirm that an increase in the concentration of the
chain transfer agent in the composition of the monomer mixture leads to an increase in pores in the network
structure of the crosslinked copolymer.

Conclusions

As a result of the attempt to change the directions of the copolymerization reactions of polypropylene
glycol maleate with acrylic acid, it was found that varying the amount of chain transfer agent allowed the
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reaction to be carried out in two directions, forming cross-linked and branched copolymers. Scanning
electron microscopy showed that polymers containing a RAFT agent had a looser, airy surface with the
formation of pores. It was established by the gravimetric method that the swelling ability of the obtained
hydrogels containing CPDT in the composition of the monomer mixture at a molar ratio of 10:90 PGM and
AA made it possible to obtain products with satisfactory sorbing properties.

Summarizing the above, it should be noted that the behavior of the synthesized copolymers during
swelling directly depends on the amount of the RAFT agent included in the polymers composition. In
addition, it can be concluded that the network construction and the products yield depend on the
concentration of the RAFT agent, as well as on the comonomers, which prevents randomness in the
structure. Thus, this method makes it possible to purposefully obtain copolymers with polyfunctional
properties, which makes them promising hydrogels.
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A.T. Kaxxmypartoa, M.C. XXynicosa, 1O. ITnorek,
B.H. ®omun, A.2K. Capcenbekosa, T.O. XamuTtoBa

RAFT-arenTiHiH HOJMIPONMICHIJIMKOIbMAJIEHHATBIHBIH AKPHJI
KbIIKbLJIbIMEH CONOJIMMEPJICHY PeaKIUsIChIHBIH 0aFbIThIHA dcepi

Makanaga KaHBIKIIAFaH TONHA(PHP >KOHE aKpWJI KBIIKBUIBI HETI3iHAE IUOKCaH epiTiHAiciHAeri Ti30ekTi
TachIMAIIAYIIbl ATCHTTIH KATHICYbIMEH KaHa IOIMMEPIIEpAl CHHTE3Iey MYMKIHAIri kepcerinred. bacramks
KaHBIKIIaFaH MOMMA(HDP IMAKBIPEl CIUPT NMEH MAaJEWH aHTHIPUIIHIH MOJIUKOHCHCAIMSIIAHY PEaKIHsChIHAH
aybIAFaH. [[oJIMTIPOTUIICHTITMKOIbMAJICHHATEHIHBIH MOJICKYJIAJIbIK CaJMaFbl TellbIi-0TKi3y XpoMaTorpadusichl
apKbUIbl aHBIKTATFaH. KYPBUIBIMHBIH, MOJMMMEPIiH THIFBI3IBIFBIHBIH JKOHE OHIM IIBIFBIMBIHBIH RAFT-
areHTiHIH KOHIICHTPAIMAChIHA TOYCIIUIITT AoneaeH1i. MoHOMep KOCHAChIHA Ti30€KTi TaChIMaJIaFbIIIThIH
MOJIIIepi HEFYPAbIM Kol 00Jica, COFYpPJBIM TITUINCH MOJUMEPIiH MIBIFBIMBI TOMEH, al TapMaKTajFaH
COIOJIMMEPIiH LIBIFBIMBI COFYPIIBIM KOFaphl 00JaThIHEI TAOBUIFaH. 3€PTTEETIH COMOIMMEPIIEPIiH Kypambl R
OpTachlHAa imiHapa eH Kimi KBaaparTapablH (PKapTeutalh Ti3iM KBagpaTTapsl HEMecCe IKACBIPBIH
KYPBUIBIMIapFa MPOEKIMSIIAY) XAMOMETPHSUTBIK oaiciMer Gipre FTIR-cekTpocKOomust apKbUIbl aHBIKTAIFAH.
Cunresmenred 00bekTiiep HWHOPAKBI3BUT CHEKTPOCKOMMSUIBIK OJICTEPMEH CHIATTAIABl JKoHe [aycc
KOHTYpJIapbIMEH JKaKbIHIATBULIEL. OCBl 3epPTTEY HOTHXKEIEepl COMOJIMMEpICTi MOHOMEp OyBIHIaphIHBIH
KaThIHACHl OHIMJICPIIH WIBIFBIMBIHA JCEP CTCTIHIH KOpceTeli. 3epTTeNreH COmoiuMepiep OeTiHiH
TomorpadusIChl CKaHEePJIEYII IEKTPOHIBI MUKPOCKOIT apKbIIbI JKa3blIIbl. TapMaKTaaFraH COMOIMMEPICPIiH
MOJICKYJTABIK Ti30eK KYPbUIBIMBI SIMP CHIEKTPOCKOMUSICBIMEH PacTaIbl.

Kinm ce30ep: KaHBIKIIaFaH TOMMI(GUP, MOIUIIPONMICHITIHKOIbMAIECHHATEI, aKpUI KbIMKbLIB, RAFT-
HoNuMepIey.

A.T. Kaxmyparosa, M.C. Xynucosa, 0. [1norek,
B.H. ®omun, A. K. Capcenbekona, T.O. XamurtoBa

Bausinne RAFT-arenra Ha HanpaBJ/ieHHe PeaKIMU CONOJIUMEePHU3aluu
NOJIMNPONMJICHIVINKOJIbMAJIEHHATA ¢ AKPUJI0BOH KUCJIO0TOH

B crarbe nmoka3ana BO3MOXKHOCTE CHHTE3a HOBBIX IOJIMMEPOB Ha OCHOBE HEHACHIIIEHHOTO MONM3(pHUpa U aK-
PHIOBOIT KHCIIOTHI B MIPUCYTCTBHH areHTa Mepefadr IelH B PacTBOpe AMOKcaHa. VcxoqHas HeHACHIIEHHAs
nonmdhupHas cMoiia Oblla MOTydYeHa peaknuel MOJIMKOHICHCAlMH CIIMPTa M MaJeMHOBOro aHruapuaa. Mo-
JIeKyJsIpHas Macca MOJIUIIPONUICHITIMKOIbMAIEeUHATa OIpe/ieNieHa ¢ MOMOIIBI0 Iellb-IIPOHUKAIOLIeH XpoMa-
TOl"pa(bHPl. 210](333.1{3 3aBUCHUMOCTH CTPOCHHSA, INIOTHOCTHU CETKHU U BBIXOJAa IPOAYKTOB OT KOHLEHTPAIUH
RAFT-arenTa. YCTaHOBJIEHO, YTO YeM OOJIBIIE COJACPKHUTCS areHTa Mepelavyu Lend B MOHOMEPHOW CMecH,
TEM MEHbIIIEe BBIXOJ CLIMTOrO TMOJIMMepa U OoJblie BBIXOJA pa3BeTBICHHOro cononumepa. CoctaB ucciemye-
MBIX COMOJIMMEPOB ompeneneH nocpeacrsoM FTIR-cneKTpockonmuu COBMECTHO C XEMOMETPHUUECKHUM METO-
JIOM YaCcTHYHBIX HamMeHbIIuX kBagpaToB (Partial List Squares or Projection to Latent Structures) B cpene
R. CunresupoBaHHbIE OOBEKTHI OXapaKTEPH30BAHBI METOJAaMU WH(PAKPACHOH CHEKTPOCKONHH H ObUIH
anMpoKCUMHPOBAHBI KOHTypamu ["aycca. Pe3ynbTaTsl JaHHOTO HCCeIOBaHUS MOKA3BIBAIOT, YTO COOTHOIIE-
HHE MOHOMEPHBIX 3BEHBEB B COIIOJIMMEPE BIMSET Ha BBIXOJ NMPOAYKTOB. Tomorpadus mOBEpXHOCTH HCCIIe-
IyeMBIX CONOIMMEpOB 3aMKCHPOBAaHA IIOCPEICTBOM CKAaHHMPYIOIIEH OJNEKTPOHHOW MHKPOCKOIHH.
CTpyKTypa MOJIEKYJISIPHOMN IIeTTH Pa3BEeTBICHHBIX CONOIMMEPOB NMoATBepXkaAeHa SIMP-criekTpockonueit.

Kniouesvle cnoéa: HEHACBHILICHHBIH NOMMA(UP, MOIUIIPONMICHIIINKOIBMAICHHAT, AKPUIOBas KHUCIOTa,
RAFT-nonmumepuszanusi.
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