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The use of differential calculation methods for the destruction of copolymers
of polyethylene glycol fumarate with the acrylic acid

In this work, the thermal decomposition of copolymers based on polyethylene glycol fumarate with the acryl-
ic acid using various ratios of initial monomers has been studied for the first time. The samples were studied
in air and nitrogen. According to the thermograms analysis, it was found that the copolymer sample decom-
position begins at higher temperatures for a copolymer with high content of polyester resin. The copolymer is
vigorously oxidized by the oxygen when heated in air, and one can observe almost complete sample decom-
position, whereas it decomposes with a residue of ~15 % in an inert medium. The activation energies for co-
polymers with different compositions were estimated using the differential methods of Freeman-Carroll,
Achar and Sharpe-Wentworth. The activation energy values found by the three methods demonstrated a good
convergence. It was shown that, the activation energy values are higher (~200 kJ/mol in the inert medium,
and ~95 kJ/mol in the oxygen atmosphere) for a copolymer with a lower composition of polyester resin, and
the activation energy is ~180 and ~85 kJ/mol for a copolymer with a greater composition of p-EGF-AA. The
copolymer is more thermostable in the nitrogen atmosphere according to the kinetic parameters. Additionally,
there were determined the thermodynamic characteristics, such as the Gibbs energy (AG) and the entropy
(AS). They also confirm the destruction process dependence on the components ratio in the synthesized co-
polymer.

Keywords: dynamic thermogravimetry, decomposition, thermal destruction, copolymer, thermodynamic
characteristics.

Introduction

Currently the volumes of produced unsaturated polyesters and materials based on them are annually in-
creasing in the most industrialized countries. This is due to both the presence of a wide raw material base and
the simplicity of processing polyesters into products, and the possibility of obtaining on their basis a large
number of different materials with various practically valuable properties [1].

One of the most promising comonomers for getting new «smart» materials based on the unsaturated
polyesters are unsaturated carboxylic acids, where the presence of carboxyl groups in the main chain deter-
mines their physicochemical behavior [2]. In this case, the interaction of unsaturated polyesters with above
monomers of vinyl series was referred to the copolymerization reactions by V.G. Benig [3], whose mono-
graph contains extensive data on the interaction of the above polyesters with styrene, vinyl acetate, methyl
methacrylate and a number of other compounds. And there has been no information on the unsaturated poly-
esters copolymerization with the ionic monomers prior to the work carried out by the authors [4], that opens
up prospects for the «smart» materials synthesis and significantly expand the scope of their application.
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Previously, the authors of [5] by the radical copolymerization of unsaturated polyester resins with a
number of unsaturated carboxylic acids have synthesized copolymers with carboxyl groups in the side chains
and showing sensitivity to various environmental changes.

Continuing the work, it seemed interesting to evaluate the thermal stability of the previously synthe-
sized copolymers of polyethylene glycol fumarate with the acrylic acid under the dynamic conditions in the
inert atmosphere and in the air.

Experimental

Previously synthesized copolymers of polyethylene glycol fumarate (p-EGF) with the acrylic acid (AA)
(7.95:92.05 and 89.05:10.95 molar ratio) have been used as the objects of study [6—7]. The study of the
copolymers thermal properties was performed using a synchronous TGA/DSC thermal analyzer LabSYS evo
DTA/DSC (Setaram, France) in the dynamic mode within the30—1000 °C temperature range. The heated rate
was 10 °C'min”" in nitrogen and air atmosphere, and the flow rate was 30 ml'min' in a crucible of AL,Os.
The sample weight was 10—12 mg. Experimental data processing was performed using Microsoft Excel and
Processing programs.

Results and Discussion

As previously shown, the unsaturated polyester resins’ copolymers with unsaturated carboxylic acids
have a number of practically valuable properties, thus it was interesting to evaluate their thermal stability.

The copolymers thermal stability in various temperature ranges allows us to predict the possibility of
their use in certain areas. The study objects used are the 7.95:92.05 and 89.05:10.95 molar ratio copolymers
of polyethylene glycol fumarate with acrylic acid with the «smart-systems» and sealants properties, respec-
tively.

The composition and properties of polyethylene glycol fumarate with the acrylic acid copolymers ob-
tained by the radical copolymerization in solution are shown in the Table 1.

Table 1
Composition and properties of the copolymers of p-EGF (M1) with AA (M2)
Composition of initial mixture, mol. % Composition of copolymer, mol. %
o, % | Yield, %
M, M, my my
p-EGF:AA
10.09 89.91 7.95 92.05 1412 88.23
90.08 9.92 89.05 10.95 512 63.02

The Table 1 data comparison represents that the swelling ratio (o) decreases, and the content of maleate
groups increases under reducing of the acrylic acid fraction in the copolymer content; it appears to be related
to a decrease in side chains and an increase in the polyethylene glycol fumarate fraction.

In this work, we have evaluated the thermal degradation of p-EGF:AA copolymers using the dynamic
thermogravimetric analysis. The Figures 1, 2 show thermograms for the 7.95:92.05 and 89.05:10.95 molar
ratio copolymers of polyethylene glycol fumarate with the acrylic acid with the 10 °C-min"'constant heating
rate at the temperature range of 30-1000 °C in the nitrogen and air atmosphere.

As can be seen in Figurel on the thermogravimetric curves, both substances do not undergo any trans-
formations leading to a mass change in the 30 °C to 150 °C temperature range. There is observed a slight de-
composition with the release of volatile products and a weight loss of up to ~12 % for a 7.95:92.05 mol.%
copolymer in the 200-330 °C temperature range. Then, an intensive decrease in the sample mass occurs with
the process total completion at a ~600 °C temperature. Total weight loss is ~80 %. The release process of
volatile substances begins at higher temperatures and reaches its maximum at 320 °C for the copolymer with
a high content of polyester resin. There is composition of the copolymer’s basic mass with the total residue
of ~15 % in the 340-500 °C temperature range.

There is observed a slight change in the rate in the range from 0 to 0.11 mg-min™' for both copolymers
on the curves of the mass loss rate (Fig. 1, b) in the 30-260 °C temperature range. A sharp increase in the
rate is observed for the copolymer with a high content of acrylic acid at the above 300 °C temperature range.
There is observed a shift to high temperatures, achieving its 1.7 mg-min"' numerical value maximum at
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400 °C. A peak is observed for a 89.05:10.95 mol.% copolymer at 350 °C, and then a gradual decrease in rate
occurs with stabilization in the region of ~500 °C for both copolymers.
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Figure 1. Temperature dependences of mass change (TG curve) (a), mass change rate (DTG curve) ()
for p-EGF:AA copolymers with 7.95:92.05 mol.% and 89.05:10.95 mol.% initial ratios M 1:M2
(in nitrogen atmosphere)

Continuing the work, the thermogravimetric studies of the p-EGF copolymers with AA in air were car-
ried out. From the data obtained by comparison (Fig. 2, a), it can be seen that the 7.95:92.05 mol.% copoly-
mer of polyethylene glycol fumarate with acrylic acid begins to decompose at a temperature of 200 °C when
heated in air. An intensive decrease in the sample mass occurs followed by a gradual decomposition in the
300420 °C temperature range. The afterburning phase accompanied by almost a complete decomposition of
the copolymer can observed on the thermogravimetric curves. A copolymer with a high content of polyester
resin begins to decompose at the lower temperatures, a shift to high temperatures is also observed. The sub-
stance does not undergo transformation leading to a change in its mass in the temperature range from 30 °C
to 100 °C. Further, there is a slight decomposition with the release of volatile products. An intensive decrease
in the sample mass occurs in the 300—430 °C temperature range, after which there is a gradual decomposition
of the copolymer with the total process completion at the 750 °C.

There is observed a slight change in the rate from 0 to 0.24 mg-min"' in the 30-300 °C temperature
range on the curves of the mass loss rate (Fig. 2, b). The curve shows a peak at 392 °C for the copolymer
with a lower acrylic acid content, and for the p-EGF:AA copolymer 7.95:92.05 the peak is observed at
375 °C with a numerical value of ~1.9 mg-min"".
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Figure 2. Temperature dependences of mass change (TG curve) (a), mass change rate (DTG curve) ()
for p-EGF:AA copolymers with 7.95:92.05 mol.% and 89.05:10.95 mol.% initial ratios M1:M2 (in air)

Based on the copolymers thermal analysis result obtained, the activation energy and the reaction order
were calculated using the methods of Achar [8], Sharp-Wentworth [9] and Freeman-Carroll [10] (Fig. 3). By
comparing the graphs obtained using different methods, it can be conclude that the points have a larger scat-
ter for the Freeman-Carroll method (Fig. 3, c), that leads to an error in estimating the activation energy. So,
the line intersects the ordinate axis at the point +33.17 and has a slope corresponding to activation energy
equal to 196.13 kJ/mol. Principally, the Achar and Sharp-Wentworth methods give the same results. The cor-
relation coefficient of these three methods has a good convergence and tends to unity.

Such thermodynamic characteristics as change in Gibbs energy (AG) and entropy (AS) have been calcu-
lated using the obtained values of the activation energy (Table 2).

Table 2

Kinetic parameters of thermal degradation of the p-EGF:AA copolymer in air and nitrogen atmosphere

MM, Methods
copolymer Achar S-w F-C
. 0
composition, mol.% E, kJ/mol E, kJ/mol E, kJ/mol n | AS,J(molK) | AG,kJ/mol
Nitrogen
7.95:92.05 196.13 196.18 211.09 0.37 -177.68 85.47
89.05:10.95 165.11 165.45 190.12 0.61 -94.65 101.65
Air
7.95:92.05 95.06 95.08 94.09 0.36 -192.32 143.37
89.05:10.95 81.06 81.08 93.09 0.71 -84.60 108.63
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Figure 3. Linearization of thermogravimetric data of the studied 7.95:92.05 mol.% p-EGF: AA copolymer, using
(a) Achar, (b) Sharp-Wentworth, (¢) Freeman-Carroll method (10 °C - min™" heating rate, nitrogen atmosphere)
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The Table 2 shows the values of the activation energies of destruction obtained from the TGA data. As
follows from the table, the dependence of the activation energy from the copolymers composition is extreme.
The copolymers of the composition 7.95: 92.05 mol.% have a higher value of activation energy. The activa-
tion energy value decreases with an increase in the composition of polyethylene glycol fumarate. It is in the
range of 81-90 kJ/mol for the copolymer with the composition of 7.95: 92.05 mol.% in the nitrogen atmos-
phere. It can be note, that calculated using the Freeman-Carroll method parameters have higher values, while
the Achar and Sharpe-Wentworth methods give the same results. The positive value of the Gibbs energy AG
and its growth with an increase in the copolymer composition of the unsaturated polyester p-EGF indicates
the impossibility of spontaneous implementation of the destruction process.

Thermal destruction in the air atmosphere leads to a decrease in the thermal stability of copolymers.
Due to that its effective activation energy is relatively small. This indicates that the polymer temperature re-
sistance in air is lower than in inert medium.

Conclusions

Thus, the kinetic characteristics and thermodynamic parameters of copolymers of polyethylene glycol
fumarate with the acrylic acid were determined for the first time. The activation energy values, calculated by
the methods of Freeman-Carroll, Sharp-Wentworth and Achar, confirm the destruction process dependence
on the components ratio in the synthesized copolymer. It was found that, the activation energy values have
higher values with an increase in the content of the unsaturated polyester copolymer p-EGF. The copolymer
is less thermostable when heated in the air. If the material is heated in absence of air, i.e. in the nitrogen at-
mosphere, the copolymer is split into low molecular weight products.
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o3 THIIEHTINKO0Ib(YMAPAT NeH aKPUJ KbIIIKbLIbI HETi3iHaeri conojauMepJiepain
TEePMUSUIBIK bIIbIPpaybIHA TU(depeHInANbI ecenTey JAiCTepiH KOJIIaHy

XKymsbicta GacTankbl MOHOMEPIEPIIH OPTYPJ KAaThIHACTAPBIHIA HMOJMITUICHINIMKOIb(YMApaT MEH aKpuil
KBILIKBUIBI HETi31H/ET] CONOIMMEPIICPIiH TEPMUSIIBIK bIIBIPAYbI alIFalll PeT 3epTTeNal. YIriepi seprrey aya
MEH a30T OpTachlHAA XKyprisingi. TepMOrpaBUMETPHSIBIK KHUCHIKTapIbl TalAay HOTIKenepi OoibIHIA
nomd(upIi  IadbIppl KN KypamIbl CONOJMMEp YATICIHIH bIIbIpaybl JKOFaphl TeMmIeparypaiapia
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GacTanaTblHbl aHBIKTANABL. Aya aTMoc(epachlHIa KbI3AbIPY Ke3iHIE COMOIMMEp OTTETiHIH oCepiHeH KaTThI
TOTBIFaibl XKOHE KUCHIKTAp/IaH YJTiHIH TOJIBIK bIABIPAYbIH Oaiikayra Gouajibl, ajl MHEPTTI OpTaja COHOIUMEp
mamameH ~15% KangeiFeiMeH  biAblpaiiael.  Opumen-Koppon, Axap xoHe Illapm-YsHTBOPTTHIH
muddepeHIMaIIBIK 9icTepl HeTi3iHAe opTYpii KYpamIbl COIOJIMMEpIEPIiH aKTUBTECHAIPY SHEPrHSCHI
aHBIKTAJABL. YII oJic apKbUIBI aHBIKTAJFAaH AKTHBTCHIIPY DHEPTUSICHIHBIH MOHJEpi >Kakcel Oip-OipimeH
y#necimaix kepcereni. Ilommddupmi maifelpaery a3 Kypamsl 0ap CONOJNMMEp VINIH aKTHUBTCHIIPY
SHEPrHSACHIHBIH MoHI korapel  (~200 x/Dk/Monb  MHEpPTTI opTaga >keHe OTTeri armocdepachiHma
~95 kJhx/monb), an n-OI'D-AK yikeH Kypambl 6ap comoiuMep YIIiH akTHBTEHAIPY dHepruschl ~180 sxone
~85 kJbx/mMonp  Kypaiinel. Kunernkanbslk mapamerpiiep OoiiblHIIA a30T aTMocdepachlHaa COIOJIHNMEp
tepmocTeHni. ConbiMeH Karap, ['n60c »sHepruscel (AG) xoHe »sHTponus (AS) CHUAKTBI Kelbip
TEPMOJAMHAMUKAIBIK ~ CHUIIATTAMANAp aHBIKTANABL, OJap Ja JeCTPYKUMS YPAICIHIH CHHTE3AENreH
CONOJINMEPEri KOMIIOHEHTTEP IIH KypaMbIHa TOYSJIAIIITIH pacTai bl

Kinm c93c)ep.' JAUHAMUKAJIBIK TCPMOIPAaBUMCTPHUA, bIAbIpAay, TEPMUSUIBIK AECTPYKIUA, CONOJIUMED,
TCPMOJUHAMHUKAJIBIK CUIIaTTamMaJiap.

M.X. Bypkees, A.)K. Capcenbexoa, A.H. bonat6aii, E.M. Tax6aeB, C.)K. /laBperOekoB,
E. Hacuxartynsi, D.0K. KakynbekoBa, A.A. MypaToexoBa

Hcnoan3oBanue nuddepeHnnaibHbIX METOA0B pacuyeTa MpPU AeCTPYKIUHA
COMOJIMMEPOB MOJMITHICHIJIMKOJIb(yMaparTa ¢ akpUuJI0BOil KHCJI0TOMN

B craTbe BiepBBIe U3y4EHO TEPMHUIECKOE PA3TI0KEHUE COMOIMMEPOB Ha OCHOBE IOJIMITHICHIIINKOIb(hyMa-
para ¢ aKpHIOBOH KHCIIOTOH C pa3IMYHBIMH COOTHONICHHSIMH HAadaJIbHBEIX MOHOMepoB. MccienoBanne 06-
Pa3LoB MPOBOJMIIOCH B Cpesie Bo3ayxa U azora. Ilo pe3ynabraTtam aHauM3a TEPMOTPAaBUMETPHUECKUX KPHBBIX
YCTaHOBJICHO, 4TO JUISl CONOJIMMEPA C OOJBIINM COJEPHKAHUEM IOIMAI(GUPHON CMOJIBI pasioxkeHHue obpasla
COIOJIMMEpa HauMHACTCs TIpU 0oJiee BBICOKUX TemiepaTypax. IIpu HarpeBanun B atMocdepe BO3ayxa CoIo-
JHMMEp SHEPTUYHO OKHUCIACTCA I10J BO3ACHCTBHEM KHMCJIOPOJA M Ha KPUBBIX MOXHO HAOJIIOJATh IOYTH HOJI-
HOE pa3ioxKeHHe 00pasiia, TOTa Kak B MHEPTHOH cpejie COMoInMMep pasiaraercsi ¢ octatkoM ~15 %. dudde-
pennmanbHeIME MeTonamu Dpumena-Koappona, Axapa u Illapmna-YoHTBOpTa OLEHEHBI HEPTUH AKTHBALIMN
JUISL COTIOJIMIMEPOB C Pa3INYHBIM cocTaBoM. HaiineHHble TpeMs MeToiaMu 3HaYeHHs SHEPIHH aKTUBALUH I10-
Ka3bIBAIOT XOPOIIYI0 CXOAUMOCTb. YCTaHOBJIEHO, YTO IS COINOJIMMEpa C MEHBIIUM COJCPKaHUEM IIOJIH-
2¢UpHON CMONBI 3HAYEHHS SHEPrUM aKTHBALMK UMEIOT Oojee Bbicokue mokaszarenn (~200 x/Dx/monb B
HHEPTHOH cpene u ~95 kJlx/Moinb B atMocdepe KUCIopoa), a AIs COIoIMepa ¢ OOJIBIINM COASPKAHUEM II-
OI'®-AK sueprus aktuBauuu cocrabisier ~180 u ~85 x/x/mMoinb. [lo kMHETHYECKMM MapameTpaM BHJIHO,
4yTo B arMocdepe a3ota cononumMep Goiiee TepmoctabuiieH. Kpome toro, ObuTH omnpe/ieneHbl HEKOTOpbIE Tep-
MOJMHAMHYECKHE XapaKTEPUCTUKHU, Takue Kak sHeprust I uboca (AG) u sutponus (AS), KOTOpBIE TaKXKe MO~
TBEP)KAAIOT 3aBHCHMOCTD IIPOIIecca JECTPYKIMU OT COOTHOIICHHS! KOMIOHEHTOB B CHHTE3HPOBAHHOM COIIO-
JIHMepe.

Knioueswvie cnosa: JAMHaMU4eCKass TEPMOTPaBUMETPUsS, PA3JIOKCHUE, TCPMUYCCKad ACCTPYKIUA, COIOJIUMED,
TCPMOJUHAMUYCCKUE XapaKTCPUCTHUKU.
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