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Integrated proton magnetic resonance spectra have been obtained for poly(propylene terephthalate) 
prepolymers prepared by the polyesterification of terephthalic acid with excess propylene glycol. 
From the peaks for the phenyl hydrogens and the methyl hydrogens, the molecular weight of the 
terephthalate-based components of the prepolymer is determined. The procedure may be extended to 
the determination of the molecular weight of all components, including excess propylene glycol. 
Methods for determining the concentration of excess propylene glycol and the quantity of propylene 
glycol lost during polyesterification are also presented. 

INTRODUCTION the spectra of several prepolymers are interpreted quantita- 
tively in order to determine the molecular weight of the pre- 

The molecular weight of a low polymer may be determined polymer, the quantity of unreacted propylene glycol, and the 
quantitatively from the integrated trace of a nuclear magne- loss of propylene glycol during polyesterification. 
tic resonance (n.m.r.) spectrum 1-s. For example the mole- 
cular weight of a p-octylnovolak resin, prepared from an ex- 
cess of phenolic reagent, has been deduced from its spectrum EXPERIMENTAL 
using acetone or pyridine as solvent 4. From the areas of the 
peaks for the methylene bridge protons and the aromatic Prepolymers 
protons, the number of structural units can be determined, The samples of poly(propylene terephthalate) which are 
from which the molecular weight may be calculated, intermediates in the "lmpolex' unsaturated polyester process 
Urman and coworkers 1 synthesized plasticizers by the trans- operated by Imperial Chemical Industries Limited will be re- 
esterification of dibutyl adipate with different glycols and ferred to as T400 and T500 prepolymers. The former are 
determined their molecular weights by comparing the area synthesized from 1 mol terephthalic acid and 2.2 tool propy- 
of the butoxyl end-group triplet with the proton area of a lene glycol, while 3 3 tool propylene glycol is used in the 
specific group present in one repeat unit. Fairly good agree- synthesis of the latter. The synthesis of the prepolymers by 
ment was found between the values obtained by n.m.r, and the ICI process involves two stages. First, both components 
those determined by ebulliometry. The molecular weights are charged in the reactor and condensed under high tempera- 
of poly(ethylene glycol) and poly(propylene glycol) were ture and pressure to give poly(propylene terephthalate) and 

2 determined by Page and Bresler in terms of the shift that water as by-product. The vigorous reaction conditions em- 
distinguishes the groups attached to the ether oxygen and ployed, as well as the subsequent water distillation step in- 
those attached to the oxygen of the hydroxyl group. Very volved in the process, lead to the loss of some propylene gly- 
good resolution was obtained when pyridine heated with a col which should remain unreacted because of the non- 
small amount of HC 1 gas was used as the n.m.r, solvent. In stoichiometry of the feed. In order to compensate for these 
addition to pyridine, the resolution of the near end-group losses~ additional propylene glycol is introduced into the re- 
multiplets can be improved in the presence of benzene and action mixture and polycondensation is continued for a fur- 
1-chloro-naphthalene s. Superior, in that respect, is the el- ther period of time until the final acid value reaches a low 
fect of a shift reagent such as Eu(dpm)3, tris(dipivalatome- figure as the extent of reaction approaches one. The result- 
thanato) europium. This reagent has been used by Ho s, to ing prepolymer is in the form of a transparent, viscous liquid, 
distinguish between the doublets of the end and internal which yields an unsaturated polyester when condensed with 
methyl groups in poly(propylene glycol). The end methyls maleic anhydride in the second stage. 
are shifted downfield from the interior methyls, and by The work in part 1 was performed with a T400 prepoly- 
comparing the areas of the corresponding absorption peaks, mer ready for further condensation with maleic anhydride, 
the number-average molecular weight has been calculated, and we shall refer to it as prepolymer T400A to differentiate 

In part 1 (ref 6) the assignment of peaks in the proton it from the prepolymers T400B and T400C which have been 
magnetic resonance spectrum of poly(propylene terephtha- isolated prior to the addition of further propylene glycol at 
late) was described. In this paper, the integrated traces of the end of the first stage. The proton magnetic resonance 
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Figure I Proton magnetic resonance spectra of prepolvmers. (a) T400B; (b) T400C; (c) TSO0 

spectra of all these prepolymers at 90 MHz were obtained On the other hand, the molecular weight M of each of these 
by preparing 30-40% solutions in dimethylsulphoxide (d6). esters may be expressed by the formula: 
The spectrum for T400A is given in part 1 (Figure 2, ref6) 
and the spectra for the other three prepolymers are shown M = 282 4 206(n - 1) (3) 
in Figure 1. 

where 282 is the molecular weight of P(TP)I and 206 is the 
RESULTS molecular weight of a propylene terephthalate repeating 

unit. Since the integrated trace of the n.m.r, spectrum of a 
Molecular weight determination prepolymer represents an average number of protons, then h 

It follows from part 1 that the constituents of the pre- will be taken as an average value for the species P(TP)~. The 
polymers may be represented by: calculations will be illustrated with prepolymer T400B. A 

summary of all the results is given in Table 1. From the spec- 
P(TP)I, P(TP)2, P(TP)3 .............. P(TP) n ............... trum for prepolymer T400B in Figure 1, the areas beneath 

the peaks for the phenyl protons and the methyl protons 
If each of these esters was analysed separately by n.m.r., then can be estimated, omitting the methyl protons in propylene 
the integrated traces of the phenyl hydrogens and those of glycol. Therefore, from equation (2): 
the methyl hydrogens, 4 and 3 respectively for each repeat- 
ing unit, should be in the ratio: 4~ 6.2 

- -  - ( 4 )  
3(fi + I) 6.8 

4 8 1 2  4n 

6 '  9 '  12 ..................... ' 3n + 3 ...... (1) giving ff = 2.165. From equation (3), the number-average 
molecular weight Mn of the prepolymer T400B is 522. 

and the general expression is: The ~ value above is used for the calculation of the 
number-average molecular weight of the terephthalate- 

4n containing units only. If propylene glycol is to be included, 
3(n + 1) (2) then its representative formula will be P(TP)0 and in this 

particular case the subscript n defined above will take the 
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Table I Results for prepolyrners 

Prepolymer ~ M-na fi' /~n b PG (n.m,r.) (%) PG (g.c.) (%) PG Loss (%) 

T400A 1.833 454 1,011 284 12.0 9.5 9.6 
T400B 2.165 522 1.179 319 10.87 8.86 16,0 
T400C 2.175 524 1,457 376 6.7 5.0 23.4 
T500 1.528 391 0,6 200 23.06 23.24 19.2 

a Prepolymer containing terephthalate units only; b prepolymer and free propylene glycol 

values 0, 1, 2, 3 . . . . .  n , . . .  Equation (3) may still be used Since all the phenyl integral is regarded as corresponding to 
to calculate the molecular weight, since when n = 0 ,M = 76 a single component of molecular weight = 319, then: 
which is the molecular weight of propylene glycol. Only the 
value of ~ will change to ~', since the integrated trace of  the z = 6.2/4d'  = 1.315 (10) 
whole methyl region will now be considered giving, for pre- 
polymer T400B in Figure 1" Consequently, x = 0.6 as before. The wt % of propylene 

glycol is given by: 
4~' 6.2 

3 ( ~ ' +  1) 8.6 (5) 0 . 6 x 7 6 x  100 
PG = = 10.87% (11) 

1.315 x 319 
Hence, ~7' = 1.179, givingM n = 319 from equation (3). 

The molecular weight of  T400A prepolymer was also de- The values of x and y may also be used in the determination 
termined by the standard analytical method involving the of the number average molecular weight of the prepolymer 
acetylation of the hydroxyl groups with an excess of  an by means of the equation: 
acetylating reagent, followed by the titrimetric determination 
of the unreacted reagent 7. The value of/l~ n was 329, which Y~NiMi 
is rather higher than the value of 284 estimated by proton Mn - (12) 
magnetic resonance spectroscopy (see Table 1). ENi 

where Ni is the number of mol of the component with mole- 
Excess propylene glycol cular weight Mi. For the mixture of prepolymer and propy- 

lene glycol equation (12) becomes: The method in the previous section can be extended to 
the calculation of  the quantity of  free propylene glycol, 
since the latter has characteristic absorptions. If  we assume Mn 0.6 x 76 + 0.716 × 522 

= =319  (13) 
that the prepolymer consists essentially of  two species, 0.6 + 0.716 
namely propylene glycol and P(TP)fi of  molar concentra- 
tions x and y respectively, then these should be in the ratio which is in agreement with the value derived previously. 
of  the methyl protons of  the constituents. Therefore, from The unreacted propylene glycol in the prepolymers was 
Figure 1 for prepolymer T40OB, the ratio x/y is: determined independently by quantitative gas chromato- 

graphy (g.c.). The internal standardization method was ap- 
x _ 1.8/3 _ 1.8 (~ + 1) plied 8, with m-cresol as internal standard. A comparison of  
y 6.8/3(~ + 1) 6.8 (6) these values with the values from proton magnetic resonance 

spectroscopy is given in Table 1. 

The parameter y can be calculated from the integral trace of Loss ofpropylene glycol during polyesterification 
the phenyl hydrogens, the population of which is 4ft. For It has been found that ~ = 2.165. Therefore, 1 tool 
prepolymer T400B in Figure 1: P(TP)fi consists of  2.165 mol terephthalic acid and 2.165 + 

y = 6.2/4~ (7) 1 = 3.165 mol propylene glycol. It has also been found that 
the molar concentration y of  P(TP)fi is 0.716. It follows 

The value of  ~ was found above to be 2.165 so that we cal- that the actual concentration of  terephthalic acid is 0.716 x 
culate y = 0.716 mol and x = 0.6 mol. Consequently, the 2.165 = 1.550 mot. The molar concentration of esterified 
wt % of propylene glycol (PG) in the prepolymer is: propylene glycol is 0.716 x 3.165 = 2.266 tool. Since the 

molar concentration, x, of free propylene glycol is 0.6 then 
0.6 x 76 x 100 the total concentration of propylene glycol units (reacted 

PG --- = 10.87% (8) and free) in the reaction product is 2.266 + 0.6 = 2.866 tool. 
0.6 x 76 + 0.716 x 522 Since a T400B prepolymer is synthesized from 1 mol tereph- 

thalic acid and 2.2 mol propylene glycol, then the theoretical 
The same result can be obtained from g '  = 1.179. The l~ara- quantity N of  propylene glycol corresponding to 1.550 m(;! 
mete ry  is replaced by z to express the molar concentration terephthalic acid, assuming no propylene glycol loss during 
of  the prepolymer plus the propylene glycol; the correspon- the reaction, is: 
ding integrated trace will therefore be 6.8 + 1.8 = 8.6 cm. 
Hence: N 1.550 

- (14) 
2.2 1 

x 1.8 
- 8 6 (1"179 + 1) (9) 

z . so that N is 3.41 tool. From this value and the value of 
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2.866 mol, the quantity of  propylene glycol lost during the of  poly(propylene terephthalate) and excess propylene gly- 
polyesterification is 16.0%. col is of  particular relevance to the addition of the stoichio- 

The same result can be obtained from P(TP~, ,  where g '  = metric concentration of  the unsaturated acid component  in 
1.179 so that 1 tool P(TP)~, is associated with 1.179 mol the second polyesterification stage. 
terephthalic acid and 2.179 mol propylene glycol. As before, 
the theoretical quantity N of  propylene glycol should be: 
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