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Abstract 

Effect of hydrolysis time on molar mass, glass transition temperature, erystallinity, and resi- 
stance to thermooxidation at elevated temperatures was analyzed for Estanes 54600, 54610, and 
54650. Kinetics of the hydrolysis can be plausibly described in terms of the first-order reaction 
with an average induction period of about 7 days. Reduction of molar mass induced by hydrolysis 
brings about an appreciable decrease in glass transition temperature, fraction of crystalline do- 
mains of soft segments, and thermooxidative stability. The latter effect is manifested by shorte- 
ning of the lifetimes (related to 5% mass loss) the temperature dependence of which obeys the 
Arrhenius plot. The observed differences in hydrolysis resistance of Estanes can be related to 
their chemical composition. 
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I n t r o d u c t i o n  

The segmented polyurethanes (PURs) are a broad class of polymers consist- 
ing of hard (rigid) urethane segments and soft (flexible) segments which are 
mostly of polyether or polyester type. The types and lengths of soft segments, 
which are joined by hard segments, determine whether the polyurethane will be 
rubbery or glassy at room temperature. In the course of their service life, PURs 
may undergo hydrolysis, solvolysis, thermal degradation, thermooxidation, 
photooxidation, etc. [1]. Many PURs are exposed to water, water solutions, 
water dispersions, etc., which cause their partial hydrolysis, particularly at ele- 
vated temperatures [2-9]. Of the various bonds present in PURs, the most sus- 
ceptible to hydrolysis is the ester which reverts to the carboxylic acid and 
alcohol. The produced acid further catalyses the ester hydrolysis so that the 
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autocatalytic reaction becomes prevalent [1, 7]. The hydrolysis of urethane 
group is by one order of magnitude slower so that its effect on molar mass de- 
crease in poly(ester urethanes) is practically negligible. Kinetics of hydrolytic 
ageing of poly(ester urethane) elastomers in water was successfully treated as a 
pseudo-first-order reaction [7]. Though the percentage of hydrolyzed ester 
groups is small, they account for a significant reduction of average molar mass 
and, consequently, for modification of physical properties. To slow down the 
hydrolysis of polyester segments, polycarboimides are added to PURs which act 
as acid scavengers and suppress the autocatalytic effect [1]. 

Thermal degradation of PURs begins around 150~ by dissociation of ure- 
thane groups to the isocyanate and polyol (polyester or polyether) [1]; at about 
210~ the urethane linkage cannot be detected any more and thermodegradation 
proceeds via several possible mechanisms [1, 11, 12]. In the case of thermooxi- 
dation, the weak link is the ether, as polyether segments are particularly prone 
to oxidation [1]. Thus, tendency can be observed to synthesize polyurethanes 
with hydrolytic and thermooxidative stability [12, 13]. On the other hand, ther- 
modegradable polyurethanes having azo groups in the main chains are believed 
to facilitate the disposal of polymer wastes [14]. 

Parallel studies of hydrolytic and thermal stability of PURs have been rather 
rare until now [12, 13, 15] though both characteristics are of extraordinary im- 
portance in demanding applications. However, no data are available on how the 
proceeding hydrolysis affects thermal stability of PURs. For this reason, we 
have undertaken a complex study of Estanes 54600, 54610 and 54650 which 
can be viewed as certain 'standards' of thermoplastic PURs due to their large- 
scale applications. Hydrolysis stability of similar poly(ester urethanes) was 
tested [5] earlier in water at 70~ up to 8 weeks. However, test specimens were 
kept in test tubes in a relatively small amount of water; as the acid products of 
PUR hydrolysis accelerate the hydrolysis, the conditions were not unique for all 
specimens. 

The objective of this communication was to analyze the effect of the hydroly- 
sis time on molar mass, glass transition temperature, and resistance to thermal 
degradation of Estanes. The samples were used in two different values of thick- 
ness in order to ascertain the effect of sheet thickness on the hydrolysis rate and 
produced changes in thermal properties. This communication is a part of a com- 
prehensive study [ 16] encompassing also the effect of hydrolysis on viscoelastic 
and ultimate properties of Estanes and new types of poly(ether urethanes). 

E x p e r i m e n t a l  

The studied poly(ester urethanes) are produced by Goodrich and commer- 
cially available under the trade names Estane 54600, 54610 and 54650. Their 
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IH- and 13C-NMR analysis [17] has shown that the amount of hard segments 
consisting of diphenylmethane-4,4'-diisocyanate (MDI) decreases with the 
product number, while molar mass of soft segments increases. However, poly- 
ester segments of Estanes 54600 and 54610 consist of adipic acid and 1,4-bu- 
tanediol, while those of Estane 54650 are synthesized from adipic acid and 
1,6-hexanediol. The chain extender is identical in all species, i.e., 1,4-bu- 
tanediol. 

Test specimen were cut from the sheets 0.3 and 1.5 mm thick of Estanes 
processed by Chiorino, Biella, Italy. As the hydrolysis stability of Estanes 
should be compared under identical conditions, test specimens were stored at 
70~ for 1, 2, 4, and 8 weeks in a great surplus of distilled water (about 30 li- 
ters for specimens of total weight of about 290 grams, i.e., 10 grams of PUR 
per liter of water). After the exposure, the specimens were stored 3-4 months 
at room temperature; before the DSC measurements they were dried in vacuo 
for three days at 50~ until a constant mass was achieved. 

Intrinsic viscosity [1"1] was determined at 25.0~ by using an Ubbelohde vis- 
cometer (type I). The solutions of various concentrations of PUR in N,N-di- 
methyl formamide were prepared by diluting the initial solution containing 
about 160 mg of a PUR in 100 ml of solution. 

Thermal properties 

A differential scanning calorimeter Mettler DSC 30 was used to determine 
the glass transition temperature, Tg, of amorphous parts and the heat of fusion 
of crystalline domains formed by polyester segments. The conditions of the 
DSC measurements were as follows: temperature interval: -100 to 100~ heat- 
ing or cooling rate; 10 deg.min-1; specimen weight: about 20 mg; nitrogen flux: 
100 ml/min. Thermogravimeter Mettler TG50 was used to evaluate the effect of 
the hydrolysis time in water on thermal stability (thermooxidation) of PURs. 
The lifetimes up to 5% mass loss were determined in air (flux: 200 ml/min) at 
several temperatures in the interval 220-370~ 

Results and discussion 

Molar mass, Mv, was calculated by using the Mark-Houwink equation in the 
following form: 

Mvh/Mvo = ([~]h / [111o) '~" (1) 

where [q] is the intrinsic viscosity, indices h and o denote the values after the 
hydrolysis time th and the initial values for th = O; exponent a = 0.64 was taken 
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f rom literature [18]. The hydrolysis of ester linkages can be described [7] in 
terms of the first-order reaction. Each cleavage of the backbones leads to the 
generation of a new molecule; thus, 

dn /d r  = p[d(1/M)/dt] = kth (2) 

where n is the number of moles of macromolecules in a volume unit, p is the 
polymer  density, and k is the first-order rate constant. Integration of Eq. (2) and 
its combination with Eq. (1) give 

In (Mvh / M,~) = ln([rllh / [ n l o )  = - - ti) (3) 

where ti is the induction period of hydrolysis. The data for all Estanes obey this 
dependence plausibly well (Fig. 1), indicating the induction period in the range 
between 5 and 9 days. As the dependences are very close to one another, it is 
obvious that the hydrolysis of the specimens proceeds in an analogous manner, 
even though the as-received samples differ in [11]o and M~o. In average, Mvh 
drops to 15% of initial values after 8 weeks of hydrolysis. The difference in 
sample thickness does not seem to have any pronounced effect on the molar 
mass of hydrolyzed samples. 
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Fig. 1 Effect of hydrolysis time on relative molar mass of Estanes. 
Symbols used: samples 1.5 mm: �9 (54600); e(54610); �9 (54650); samples 0.3 mm: 
13(54600) ; o (54610); A (54650) 
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Fig. 2 Effect of  hydrolysis time on glass transition temperature of Estanes. 
Symbols as in Fig. 1 
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Fig. 3 Effect of  hydrolysis t ime on DSC curves of  Estane 54650 

Polyester soft segments in Estanes are characterized by the glass transition 
temperature T 8 = -20  + -34~ (Fig. 2) and by the melting of crystalline do- 
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mains at Tm = 70+80~ (Fig. 3). The lowest Tg of Estane 54650 is attributable 
to relatively lower polarity of soft segments due to the presence of 1,6-hex- 
anediol. The cause of higher Tg of Estane 54600 - in comparison to 
Estane 54610 - can be sought in higher fraction of hard domains which act as 
physical crosslinks and represent sterical hindrances to the molecular mobility 
of soft segments. Figure 2 also shows that Tg decreases markedly with the time 
of hydrolysis. To describe the effect of molar mass of homopolymers on their 
T~, the following relation was proposed [19]: 

T~= T~ ~ C / M (4) 

where T~ is the glass transition temperature at 'infinite' molar mass and C is an 
experimental constant. If Tgo and Tgh characterize as-received and hydrolyzed 
specimens, respectively, the Eq. (4) can be rearranged into the following form: 

(Tgo - Tgh) / Tgo = (C / MvoTgo)(M.,o / M,,h - 1) (5) 

Our experimental data plotted in Fig. 4 are in plausible agreement with the pre- 
dicted tendency, though they do not fit straight lines, particularly at longer pe- 
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Fig. 4 Effect of relative molar mass on relative changes in glass transition temperature. 
Symbols as in Fig. 1 
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Fig. 5 Arrhenius plot of the lifetimes vs. the reciprocal absolute temperature 
(a) 54600; (b) 54650. Symbols used: samples 1.5 mm, hydrolysis time (weeks): I .  
(0); �9 (4) & (8); samples 0.3 mm, hydrolysis time (weeks): 1-1 (0); 0(4); A (8) 

J. Thermal Anal., 41, 1994 



PEGORETI'I et al: POLY(ESTER URETHANES) 1449 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 
o ~  

�9 " 0.0 
~ a  

-0.5 

-1.0 

-1.5 

~ ~-" " / " ~ "  

. "5 : " ' " "  ..:-'g':" 
~ . - ' . : ""  .:.:.<" 

-2.0 I I ' "  I I ~ I 1 ! I 

1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 

I/T*1000 (K "l) 

Fig. 5 Continued (c) 54650. 
Symbols used: samples 1.5 ram, hydrolysis time (weeks): II. (0); �9 (4) A (8); sam- 
ples 0.3 mm, hydrolysis time (weeks): t3(0); o (4); A (8) 

riods of hydrolysis, presumably because PURs are not homopolymers, but seg- 
mented polymers. 

Melting of crystalline domains of polyester segments is detected at about 
Tm = 72~ (Fig. 3). The area of the melting peak is markedly reduced after 
1 week of hydrolysis and the peak disappears after 2 weeks of hydrolysis. It is 
likely that the crystalline domains are melted at the temperature of hydrolysis 
(70~ so that the hydrolytic cleavage of ester groups is evenly distributed in the 
whole volume of the specimen. However, as the decrease in molar mass during 
the first week of hydrolysis is almost negligible, the crystallinity reduction is to 
be primarily ascribed to kinetic reasons which prevent the reconstitution of 
crystalline domains after the exposure to water, i.e., in the course of long-term 
storage at room temperature and drying at 50~ A perceptible decrease in mo- 
lar mass after 2 weeks of hydrolysis obviously prevents - -  along with kinetic 
reasons - -  any crystallization of soft segments. This destruction of crystalline 
domains has a profound effect on elastic and ultimate mechanical properties of 
Estanes [ 16]. 

The thermogravimetric data for all specimens of Estanes fit quite well 
(Figs 5a,b,c) the Arrhenius plot which is one of the equations [20] usually used 
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for describing the effect of temperature on the lifetime of the samples exposed 
to thermal degradation: 

log lifetime = A + A l l  / R T  (6) 

where A is a constant encompassing entropic effects, AH is the activation en- 
thalpy, R is the gas constant, and T is the absolute temperature. The hydrolysis 
has a detrimental effect on the lifetimes (Fig. 6) of Estanes which is manifested 
(Table 1) by an appreciable drop of A and by a very small (but regular) increase 
in activation enthalpy. Thus, the effect of the decrease in A is partially compen- 
sated by the increase in AH. The latter fact indicates that the changes in tem- 
perature affect more the kinetics of thermooxidation in the hydrolyzed samples 
than in the as-received ones. The significant drop of A caused by the hydrolysis 
is probably linked to entropic effect associated with the decrease in molar mass. 
As the effect of sample thickness on the hydrolysis kinetics is almost negligible 
(Fig. 1), the shorter lifetimes of thinner samples are apparently related to the 
kinetics of thermooxidation. Estane 54650 displays the longest lifetimes in the 
whole interval of hydrolysis periods (Fig. 6). Its superior resistance to hydroly- 
sis can be ascribed to 1,6-hexanediol which increases hydrophobicity of soft 
segments. The reason why Estane 54610 is characterized by shorter lifetimes 
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Fig. 6 Effect of hydrolysis time on thermooxidative lifetime.Temperatur~ of TG: 290 ~ 
Symbols as in Fig. 1 
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than Estane 54600 is likely to consist in lower content of hard segments and, 
consequently, higher fraction of ester groups exposed to hydrolysis. 

Conclusions 

Thermal properties or Estanes 54600, 54610, and 54650, which rank 
among poly(ester urethanes), are appreciably affected by prior hydrolysis. The 
kinetics of the hydrolysis can be plausibly described in terms of the first-order 
reactions; the average induction period is about 7 days, which means that short 
expositions to water do not cause any perceptible changes in molar mass. Re- 
duction of molar mass induced by the hydrolysis accounts for decrease in (i) 
glass transition temperature, (ii) fraction of crystalline domains constituted by 
soft segments, and (iii) thermal stability evaluated as the thermooxidation life- 
times (up to 5 % mass loss) at elevated temperatures. Temperature dependence 
of the lifetimes follows the Arrhenius plot; the drop of factor A caused by the 
hydrolysis is partially compensated by the increase in the activation enthalpy. 
The observed differences in hydrolytic stability of Estanes can be related to 
their chemical composition. 
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Zusammenfassung m Ffir Estan 54600, 54610 und 54650 wurde der EinfluB der Hydrolyse- 
dauer auf die Molmasse, den Glasumwandlungspunkt, die Kristallinitfit und die Best~ndigkeit 
gegenfiber Thermooxidation bei erh6hten Temperaturen untersueht. Die Reaktionskinetik der 
Hydrolyse kann einfaeh mit den Ausdrdeken der Reaktion erster Ordnung, unter Berfick- 
siehtigung einer durehsehnittliehen Induktionsperiode yon 7 Tagen besehrieben werden. Die 
hydrolyseinduzierte Abnahme der Molmasse verursacht eine betr~ehtliche Verminderung des 
Glasumwandlungspunktes, der Fraktion der kristallinen Bereiche yon Soft-Segmenten und der 
thermooxidativen Best~ndigkeit. Letzterer Effekt drfickt sieh in einer Verkfirzung der Lebens- 
dauer in Verbindung mit 5% Masseverlust und der Temperaturabhfingigkeit aus, der die Arrhe- 
nius'sehe Darstellung unterliegt. Die beobaehteten Untersehiede bei der Hydrolysebest~ndigkeit 
,con Estanen k6nnen mit ihrer chemischen Zusammensetzung in Verbindung gebracht werden. 
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