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The number average and mass average molar masses
of polyethylene(propylene)glycol fumarates

Unsaturated polyesters are interesting for theoretical and practical studies, since along with the simplicity of
economical production, contain in their composition unsaturated double bonds, which makes it possible to
obtain spatially crosslinked structures on their basis. In this work polyethylene glycol fumarate, polypropyl-
ene glycol fumarate were synthesized by the step-growth polymerization of ethylene(propylene)glycol and
fumaric acid. The compositions of polyethylene(propylene)glycol fumarates were determined usingrelemental
analysis and IR spectroscopy. Some physicochemical characteristics of synthesized polyethylene(propylenc)-
glycol fumarates were established. In order to state the correlation between the molar masses. of polyeth-
ylene(propylene)glycol fumarates, the number average and mass average molar masses‘were found:“As fol-
lows from the results presented in this paper mass average molecular masses of polyethylene glycol fumarate
and polypropylene glycol fumarate calculated by the light scattering were around 2500 and 1488 a.e.m., the
number average molar masses determined by the method of end groups were 2010 and 1245 a.e.m., respec-
tively. It is shown that the methods of light scattering and end-group assay give good convergence and have a
high degree of correlation. As a result of the study the correctness the light scattering method for the estima-
tion of molecular masses of polyethylene(propylene)glycol fumarates was shown.

Keywords: unsaturated polyester resins, polyethylene glycol fumarate, polypropylene glycol fumarate, the
number average molar mass, mass average molar mass, light scattering, titration, step-growth polymerization.

Introduction

The molar mass, which is one of the main characteristics of any chemical substance, plays a special role
in case of high-molecular compounds, since it serves as-aimeasure of length of the chain molecule. The latter
is also characterized by the number of repeating units or the degree of polymerization of macromolecule. It
should be noted that the molar mass of the polymeris the average statistical value, which refers to the molar
masses of the macromolecules constituting the polymer. Polymers, unlike low-molecular substances, are
polydisperse; they dissolve via preliminary swelling and in rare cases form colloidal solutions. A very large
molar mass is typical for polymeric compounds and itoften changes from 8—10 thousand to several millions.
Determination of the molecular. mass of polymers is possible by using the classical methods (osmometry,
ebullioscopy, cryoscopy, viscosimetry, etc.) and modern methods of investigation such as gel permeation
chromatography, nephelometry, etc. Knowing the molar mass of the polymer necessary information on its
structural features and properties can be obtained; also it is possible to carry out directed synthesis of sub-
stances based on properties.

Unsaturated polyesters due to the simplicity of economical production, availability of raw materials at-
tract the attention of researchers, practitioners and have found wide practical use. The main and unique fea-
ture of unsaturated polyesters is the ability to copolymerize with various monomers to form valuable prod-
ucts that have special physicochemical and mechanical properties; they are characterized by low toxicity and
relative availability. As the literature analysis shows, only co-monomers of hydrophobic nature are involved
in. the copolymerization with unsaturated polyesters [1-3] and synthesized polymeric materials can be use
construction products. The problems of copolymerization of unsaturated polyesters with hydrophilic ionic
monomers remain relevant until recently. It opens up prospects for the synthesis of new so-called «intelli-
gent» polymers capable of reversibly reacting in response to insignificant changes in the environment. An
important factor affecting the properties of synthesized copolymers is the molar masses of the initial unsatu-
rated polyester resins. In literature there are contradictory data on the values of molar masses of unsaturated
polyester resins. In this regard, it seemed interesting to compare the molar masses obtained by different
methods.

With the aim of evaluation of the molar masses of synthesized polyethylene(propylene)glycol fumarate
(p-EGF, p-PGF), this study presents the results on the determination of the number average and mass aver-
age molar masses obtained using light scattering method and end-group assay.
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Method

Polyethylene(propylene)glycol fumarates were obtained by step-growth polymerization of ethylene
(propylene)glycol and fumaric acid of the ratio 1.05:1 mol by heating and stirring them in a nitrogen medium
[4]. After the reaction mixture reaches a temperature of 153 °C, a catalyst (AICl;) is introduced into it at an
amount of 0,2 % on total mass of the original monomer mixture. Stirring was continued for 6—8 hours until
water was completely removed; after which the reaction mixture was cooled to room temperature. The route
of the reaction was monitored by determining the acid number. The resulting resin was purified from the
starting monomers by washing with acetone.

The number average molar mass of unsaturated polyesters was determined by acid number (AN) and
hydroxyl number (HN) by direct titration with 0.1N and 0.5N KOH where phenolphthalein is used as an in-
dicator.

~56.11-2-1000
" AN+HN

ay = i=V)-/-0.00561-1000
g
where V; and V, — the volume of 0.1N KOH, consumed for the titration of sample with a polymer and a

control sample, ml.

V,~7,)- f-0.028-1000

g
where V; and V, — the volume of 0.5N KOH, consumed for the titration of sample with a polymer and a
control sample, ml.

The Debye method (light scattering) was used to estimate the mass average molar mass [5]. Determina-
tion of the turbidity of polymer solutions was carried out by light scattering using a 2100 AN nephelometer
from HACH at A = 5460 A.

The degree of scattering of monochromatic light-by a solution (turbidity) t° is related to the osmotic
pressure of the true solution by the following relation, known as the Debye equation:

o 32(3.14) wi(n—n,)’
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where n and ny — the refractive‘indexes of the solvent and solution, respectively; N, — Avogadro constant,
mol™'; my — osmotic pressure; atm; C — concentration of solution, g/cm3; A — wavelength, nm.

The accuracy of determining the molar mass and conformational features of molecules depends on the
nephelometric features.of'the solvent used [5].

It was noted above that the osmotic pressure is a characteristic of the change in chemical potential of
the solution and is due to the activity of the dissolved substance a’. It can be shown that the turbidity of the
system increases with the increasing the activity of dissolved particles. In another words, with increasing a°,
the proportion of scattered light increases. The intensity of the scattered light /, observed at an angle 0 to
the-incident-monochromatic ray is called the optical anisotropy of the dissolved polymer particles and varies
with the angle of observation. The optical anisotropy of these particles is that the intensity of the scattering is
not the same along the different axes of the molecular coil. The dependence of the intensity of the scattered
light on the angle of observation of the scattered ray is called the Rayleigh ratio (number), or the reduced
intensity.

Ry = rzlei 11,
where /,, and I, — the intensity of scattered and incident light, respectively; » — distance from particle to
observer.

In practice, when determining the turbidity often a value R, is calculated, but not t°. Therefore:

HC 1 2BC
+

R, M, RT

w
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At small values of C, the dependence HC/R, = f(C) is expressed by a straight line that cuts off
C — 0 on the y-axis is a segment equal to the reciprocal of the molar mass.

nel 1
Rei c—=0 M

The concentration of the initial solution for the determination of the polymer at the wavelength region
10°~107 nm is of the order of 2-10 g/ml (0.2 g/I). For this, a sample of unsaturated polyester of 0.1 g (accu-
rate to 0.0001) was placed in a pre-weighed volumetric flask (~50 ml) with a clogged cork. Further.it was
dissolved in an increasing volume of a thoroughly purified and repeatedly distilled solvent, then brought to a
mark and weighed. The concentration of the solution C; (g/cm’) was calculated using the formula

C, = m,p/m;,
where m,, — polymer mass, g; p — density of solvent, g/em’; m, — mass of solvent, g.

Then, 30 ml of the prepared solution was transferred to a cuvette of the instrument; the turbidity of the
solution and the refractive indexes were determined until complete reproducibility.

A series of solutions were prepared from the available solution by successively diluting an aliquot
(~30 ml) of each previous solution to 50 ml in a volumetric flask, then turbidity and refractive indexes were
measured. The concentration of the subsequent solutions was calculated according to the above formula.
Based on the calculated values, a plot of the dependence HC/Ry; — f(C). Extrapolating the resulting straight

line to C = 0, we obtained a segment that corresponds to the limiting value HC/Ry, = L/M .

Results and Discussion

Polyethylene(propylene)glycol fumarates were obtained by step-growth polymerization of fumaric acid
and ethylene glycol according to the following scheme [4]:

N N H2C| OH ” ”
N H
Cc—cC * HC—OH — 3 \f\N\IO—C—E‘__C—C—O—Cz—CJ\/\J\
/ \ H H
H COOH
R
R —H, CH;

Polyethylene(propylene)glycol fumarates were identified by IR spectroscopy (Fig. 1). In the IR spectra
of synthesized polyethylene(propylene)glycol fumarates, the absorption bands at 755 cm ' due to pendulum
oscillations of -CH,— bonds are observed, and absorption bands at 1162 cm™ region confirm the presence of
the -C—O—C— bond of the ester. The intense absorption band at 1461 cm™ indicates the vibrations of —C—H
bonds. The presence of —C=0 bond and symmetrically located —CH bonds in the CH, and CH; groups are
characterized by absorption bands at 1736 cm™ and 2985 cm™, respectively. The spectra exhibit an intense
peak at 1306 cm™' reflecting the'presence of the —C=C—group of the polyester. The presence of p-EGF and
p-PGF-C=C- bonds in the structure indicates the formation of an unsaturated polyester.
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Figure 1. IR spectra
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The light scattering method is the most reliable and convenient out of the few absolute methods for the
determination of the mass average molar masses of polymers, covering an exceptionally wide range of mo-
lecular masses. In addition, it is a direct method for measuring the size of macromolecules in solution, used
for approbation and calibration of other, indirect methods (in particular, hydrodynamic methods).

The results of metrological processing of straight lines and calculated values of molar mass are given in
Table. The data obtained were confirmed by a mathematical study and a graph of the accuracy of the coordi-
nate HC/Ry; — f(C) (Figs. 2, 3). Extrapolation of the HC/Ry; dependence on C is determined by the formula
extrapolated to the zero scattering angle 0 in accordance with equation.

Thus, the molar mass of the polymer is calculated and determined by the intersection values. As follows
from the results presented in Table, polyethylene glycol fumarate and polypropylene glycol fumarate have
molar masses of the order of 2500 and 1488, respectively, and the values of the molar masses-studied.in the
three units of turbidity are in good agreement. The values of M, listed in Table are in good‘accordance with

the data calculated from the titration [3].

Table
Molar mass features of an unsaturated polyester resin
HC 1 _ _ -
Object H *107 — | =—=—x10" M, M, D,
RGi 0 Mw
p-EGF 6.401 0.400 2500.00 2010:59 1.24
p-PGF 3.3010 0.6720 1488.00 1245.34 1.19
HC/R,x10" HC/R 107
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Figure 2. Dependence of HC/Rgion the concentration (C)  Figure 3. Dependence of HC/Ry,; on the concentration (C)
for solutions of p-EGF in'chloroform for solutions of p-EGF in chloroform

In the literature, it is noted that the light scattering method is most applicable for polymers with a high
molar mass (above 10,000). To confirm the correctness of the use of the light scattering method for the
estimation of the molar masses of polyethylene(propylene)glycol fumarates, we additionally determined the
numberaverage molar mass by the method of determining the end groups. This method is most effective
forlinear condensation polymers of which the molar mass is usually below 20,000.

Conclusions

The set of experimental results on the establishment of the mass-average and number-average molar
masses obtained by light-scattering and the determination of end groups have similar values, indicating the
oligomeric nature of p-EGF and p-PGF. Thus, as a result of the study, the correctness of the light scattering
method for the estimation of molecular masses of polyethylene(propylene)glycol fumarate were shown.
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IHonudrTHACH(IIPONNIIEH)IVINKOJIb(pYyMapaTTapAbIH OPTACAHABIK
7KOHE OPTAMACCAJIBIK MOJIEKYJISPJIBIK Maccajlapsbl

Kanbiknaran nonuaudpiii mwaibipiap TEOPUSIIBIK KOHE IPAKTUKAIIBIK KaFbIHAH KbI3BIKTBI OOJIBIN TaObLIA/bI,
cebebi amynplH KapanalbIMIBUIBIFBI MEH AKOHOMHKAIBIK THIMAUIIrIHE KapamMacTaH, KypaMbiHaa Koc
OalaHBICTEIH OOJYBIHAH OJIAPABIH HETi3iHAe KEHICTIKTI-TITUITeH KYPBUIBIMABI KOCBUIBICTAp/bl alyFa
MYMKiHZIIK Oepeni. Makanama STHIEH(IPOIIIIEH )ITIHKOJIL MEeH (yMapaTThl ITOJHKOHCHCAIMSIIAY PEeaKIvs-
Japbl apKbUIBl MOJIMATIIICHITIMKOIB(QYMapaT, HOJUIPONICHITINKOIb(QYMapaT cUHTe3neminAl. [HomT-
JeH(TIPONMIICH ) [NINKONb(YMapaTTapAblH  KypaMbl 3JIeMeHTTiK Tanmay, MK-cmexrpockonus KemeriMeH
apIKTanabl. CHHTE3AeNTeH MOIMITUIICH(TIPOIMIICH)TIIHKOIb(yMapaTTap/ibly Keibip Gpu3nKka-XUMHUSIIBIK CH-
narramaiapbl Oenrimi Oosael. [TonudTHICH(IPOIIIICH )IITHKOIB(QYMapaTTapAbIH MOJICKYJadblK Maccaaapbl
apachlHAaFbl apaKaThIHACTBUIBIK JOPEXKECIH aHBIKTay MaKCaThIHAA OpPTACAHIBIK JKOHE OpTaMacCaibIK
MOJIEKYJIaNBIK Maccajapbl TaObUIABI. ABTOpJIAp KOPCETKEH MANIMETTEp/CH MOIM3THICHITIMKOIb(pyMapar
JKOHE MOJHUTIPONIIICHIIINKOIBb(GYyMaparT >kapbIK MaNIbIpaTy 9/ici OOHBIHIIA OpTaMacCaTIbIK MOJIEKYIaIbIK Mac-
camapel 2500 men 1488 a.e.m., am ImeTKi TONTapABIH MOJIIEPIH AaHBIKTay oAici OOMBIHIIA OpTacaHIBIK
MOJIEKYJTANBIK Maccanaps! colikecinmre 2010 a.e.Mm. sxone 1245 a.e:M. TeH ekeHi kepcerinai. COHBIMEH KaTap
JKapbIK IIAIIBIPATy MEH IIeTKi TONTApJbIH YJECIH aHBIKTAy QJICTEpiHIH MOHJEpl >KaKChl COHKECTIK >KoHE
JKOFapbl apakaThIHACTBUIBIK Jopexecine ue. JKyprisinren 3eprreyiiep HOTIKECIHIE MOTHITHICH(IPOITHICH )-
TIUKONb(yMapaTTap/blH MOJIEKYTalblK MAacCachlH aHBIKTAY Ke3iHAC IKapbhlK IHAIIbIpaTy omiCiHIH
KOJIIaHBLTYBIHBIH TYPBICTBUIBIFBI ANIENACH .

Kinm cesdep: KaublKnaraH NoJMa(Gupii wanibIpiiap, HOJUITHICHINIMKOIb(GYMapar, MOJIUIPONHISHIIMKOIb-
(ymapar, opracaHJbIK MOJICKYJIAIbIK Macca, OpTaMacCalblK MOJIEKYyIaIblK Macca, )KaphlK MIAMIbIpaTy, THTP-
ey, HOJTUKOHICHCALHS.

M. XK. bypkees, I'.K. Kynaitoepren, E.M. Taxbaes,
I' K. Bypkeesa, A.B. Omamesa, H.A. EcenraeBa, A.H. bonar6aii

CpeaHeunc/ioBasi U cpeIHEMACCOBasi MOJIEKYJISIPHbIEe MACChI
NOJTHRTHJICH (MPONIWIEH)IJIMK0JIb(yMapaToB

Henaceimennsie nonmaGupsl HHTEPECHB! U TEOPETUYECKUX M MPAKTUYECKUX HCCIEIOBAHUM, IOCKOJBKY,
Hapsiy ¢ IPOCTOTOH, SKOHOMHYHOCTBIO MOYyYEHHS, COEPKAaT B CBOEM COCTaBE HEHACHIICHHBIC J[BOHHEIC
CBSI3H, YTO JIeIacT BO3MOKHEIM ITOJIydeHHEe Ha HX OCHOBE MPOCTPAHCTBEHHO-CIIUTHIX CTPYKTYp. B crathe mo-
Ka3aHo, YTO DPEeaKLHei IOJUKOHAEHCAMN STHICH(IPONMICH)IUKONIS W (yMapOBOH KHCIOTBI CHHTE-
3MPOBaHBI . TOJIMATHICHITIMKONb(GYMapaT ¥ HOJUIPONMICHIIHKoIb(ymapaT. CocTaBbl HOIMATHICH(IIPO-
IHJICH)PTUKONb()yMapaToB ObUIM YCTaHOBJICHBI MO JIAHHBIM 3JIEMEHTHOro ananusa, MK-cnekrpockonuu.
OrmnpeneieHbl HEKOTOpbIE (DH3HKO-XMMUUYECKHE XapAaKTEPUCTHKU CHHTE3MPOBAHHBIX IOJIMATHICH(IIPONH-
JeH)rmKoshymMapaToB. C Ienbio onpeeneHus KOPPeai MeXTy 3HA9eHISIMHI MOJISKYJIIPHBIX Macc I0-
JMATAICH(TIPOIIIIEH ) TIIMKOIb()yMapaToB HalIEHB! CPEHEUUCIIOBBIE U CPEJHEMACCOBBIE 3HAUCHUS ITOCIIEN-
Hux. Kak ciemyer W3 mpesCcTaBICHHBIX B JaHHOH paboTe pe3yibTaToB, MOIMATHICHIIHKOIb(YMapaT U mo-
JHMIPOIIICHIINKOIb(yMapaT UMEIOT CPEIHEMAcCOBYI0 MOJICKYISIPHYIO MAacCy, PacCUHTaHHYIO METOJIOM
cBeropaccesHus, nopsaaka 2500 u 1488 a.e.M. COOTBETCTBEHHO, CpeIHEUYHCIOBasl MOJIEKYJIIpHAs Macca Io
METO/ly OTIpeIeNIeHHsI A0JIM KOHIEBhIX rpymm coctaBisieT 2010 u 1245 a.e.Mm. cooTBeTcTBeHHO. [lokazaHo, 4To
METO/Ibl CBETOPACCESIHUA U ONPEJIENCHNs KOHIEBBIX IPYII JAl0T XOPOLIYI0 CXOAUMOCTb U HMEIOT BBICOKYIO
CTeNeHb KOppelsiiu. B pesynbraTe NpoBeIEeHHBIX HCCIEA0BAaHUH MTOKa3aHa KOPPEKTHOCTh IIPUMEHEHUS Me-
TOJ]a CBETOPACCESIHUS ISl OLICHKU MOJIEKYJISIPHOH MAacChl TIOJIMATHICH(IIPOIIIIICH ) [TIMKOJIL()yMapaToB.

Kniouesvie cnosa: HEHACHIICHHBIC HOIII/I3(1)I/IpHI)Ie CMOJIbI, HOIII/IBTI/IJICHI‘III/IKOIII)(l)yMapaT, TOJIMITPONNIICH-
l"JII/IKOIIb(i)yMapaT, Cp€aHCYHCII0Basd MOJICKYJIIpHAsi Macca, CpeAHeEMaccoBasi MOJICKYJISIpHad Macca, CBETopac-
CEsIHUEC, TUTPOBAHUE, TOJIMKOH/ICHCALIUA.
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