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ABSTRACT: The kinetics of the transesterification reaction between PET and PES 
was studied with data obtained by NMR spectra. Assuming a second-order reaction, the 
rate constant k takes an almost constant value over-all samples having different feed 
ratios, except during the initial stages of the reaction. This demonstrates that the trans
esterification reaction is second-order. (The concentration of catalyst is constant.) 

KEY WORDS NMR/Transesterification Reaction/Poly (Ethylene 
Terephthalate)/Poly(Ethylene Sebacate)/Second-Order Reaction/Rate Con
stants/ 

In our previous paper, 1 various kinds of co
polyesters were stud.ied by means of an NMR 
spectrometer and the average sequence length 
and sequence distribution of structural units 
were determined. Transesterification reactions 
between two types of homopolyesters were also 
followed by NMR spectroscopy and it was 
found that random copolyesters were formed by 
ordinary molten-state copolycondensation .and 
also during the transesterification reaction be
tween the two kinds of homopolyesters. 

The kinetics of catalytic transesterification has 
received the attention 'of many investigators, but 
even in respect of the order of the reaction 
little agreement has been reached. Polycon
densation kinetics was first studied by Skwarski2 

who found it to be third-order. Griehl and 
Schnock3 investigated the kinetics of polycon
densation reactions and found it to be first
order (with respect to ester group alone). 
Challa4 studied the polycondensation reaction 
and assessed it a second-order mechanism. 
Fontana5 found that the kinetic data fit a 
third-order reaction for the transesterification: 
one order each with respect to the hydroxyl 
group, methoxyl group, and catalyst. The kinet
ics of the transesterification reaction, therefore, 
seems to be quite complicated. 

In the present paper, the kinetics of trans
esterification reactions between poly (ethylene 
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terephthalate) and poly (ethylene sebacate) was 
studied and the rate constants in this reaction 
were determined by using the data obtained 
from NMR spectra. 

EXPERIMENTAL 

Poly(ethylene terephthalate), PET, 

-( -oc<:-)-coocH2CH20-)-n 

and poly(ethylene sebacate), PES, -(-OCCH2-
CH2CH2CH2CH2CH2CH2CH2COOCH2 CH2 0- )-n 
were prepared from glycols and dimethyl esters of 
the acids by ordinary molten-state polyconden
sation under reduced pressure, using Sb20 3 (5 X 
10-4mol%) and Zn (OAC)2·2Hp (1 X 10-3 mol%) 
as catalysts. 

PET and PES were mixed in various propor
tions and stirred under nitrogen atmosphere at 
276°C for several minutes to enable the trans
esterification reaction to be carried out. 

The NMR spectra of the resultant copolymers 
were measured in trifluoroacetic acid solution 
(0.05 gjml) at 70°C with Varian A-60 and HA-
100 spectrometers. 

RESULTS AND DISCUSSION 

The mechanism of the transesterification re
action comprises three processes: 

(a) 
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Table I. Changes in sequence distributions dur
ing transesterification between PET and 

PET/PES 

9/1 

8/2 

7/3 

6/4 

5/5 

4/6 

3/7 

2/8 

1/9 

PES at various feed ratios 

Time, 
min 

10 
30 
60 

120 
180 

10 
30 
60 

120 
180 

10 
30 
60 

120 
180 
10 
30 
60 

120 
180 

10 
30 
60 

120 
180 
10 
30 
60 

120 
180 

10 
30 
60 

120 
180 
10 
30 
60 

120 
180 

10 
30 
60 

120 
180 

S-G-S T-G-S T-G-T 

7.51% 
5.14 
3.08 
2.11 
1.93 

16.40 
9.75 
7.31 
6.60 
4.99 

27.09 
18.55 
16.22 
12.22 
9.97 

36.03 
28.29 
20.75 
19.13 
18.97 

45.83 
36.06 
30.53 
27.85 
26.00 
53.90 
45.50 
40.09 
38.04 
37.13 
64.98 
58.62 
53.50 
50.25 
50.35 
76.68 
71.60 
65.67 
66.10 
65.51 
88.38 
83.06 
81.31 
79.00 
79.19 

4.37% 
10.28 
14.42 
19.53 
19.90 
8.00 

18.85 
25.13 
27.75 
29.49 
7.60 

20.47 
28.91 
36.52 
38.46 
8.39 

24.16 
36.64 
40.45 
42.36 
9.27 

28.62 
40.04 
45.57 
47.20 
9.44 

26.63 
36.77 
40.38 
42.40 
7.64 

21.32 
29.82 
38.04 
38.50 
8.27 

18.96 
26.21 
28.59 
29.28 
4.55 

11.76 
14.50 
19.69 
19.90 

88.12% 
84.58 
82.50 
78.36 
78.17 
75.60 
71.39 
67.56 
65.65 
65.52 
65.31 
60.98 
54.87 
51.26 
51.57 
55.58 
47.55 
42.61 
40.42 
38.67 
44.90 
35.32 
29.43 
26.58 
26.80 
36.66 
27.87 
23.14 
21.58 
20.47 
27.38 
20.06 
16.68 
11.71 
11.15 
15.05 
9.44 
8.12 
5.31 
5.21 
7.07 
5.18 
4.19 
1.31 
0.91 
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(b) 

(c) 

Reaction (a), which proceeds by ester inter
change between the hydroxyl group of a 2-
hydroxyethyl ester end group and the ester 
linkage of another 2-hydroxyethyl ester end 
group, links the ends of two chain molecules 
by elimination of ethylene glycol. This reaction 
is extremely small in this experiment under 
ordinary pressure. 

5.0 6.0 
r (PPm) 

(a) 

5.0 6.0 
r (PPm) 

(b) 

Figure 1. 60 MHz ethylene glycol proton reso
nance spectra of transesterified polymers of PET
PES ((a) 8/2 and (b) 2/8) in chloroform at 70°C. 

upper: 180-min transesterification. 
lower: 10-min transesterification. 
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Reaction (b) proceeds by ester-ester inter
change between two ethylene ·diester groups 
situated along the PET and PES polymer chains. 

10 30 60 120 180 

min 

(a) 

10 30 60 120 180 

min 

(b) 

Figure 2. Changes of (a) LnT and (b) Lns during 
the transesterification reaction. 
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Reaction (c) proceeds by ester interchange 
between the hydroxyl group of a 2-hydroxy
ethyl ester end group and an ester linkage of 
an ethylene diester group along a polymer 
chain. As pointed out by Flory, 6 reaction (b) 
can be expected to proceed at low rate, but 
cannot be ignored in the transesterification re
action between PET and PES. If we assume 
that hydroxyl groups of 2-hydroxyethyl ester 
end groups in PET and PES have the same re
activity, reaction (c) can be written as (c'), 

(c') 

This assumption seems to be quite reasonable 
from the fact that the (T-S) linkage increases 
by almost the same amounts in two samples 
having an inverse mole fraction of terephthalate 
and sebacate, i.e., 1j9 and 9/1 or 2/8 and 8/2, 
etc. (see Table I and Figure 1), and that L,.T 
and 1:,.8 decrease in the same manner between 
these same samples, as shown in Figure 2. 

Therefore the overall reaction of transesterifi
cation can be written as in eq 1, 

k 
(1) 

k' 

If the initial mole fractions of PET and PES 
are taken as a and b (a+h=l), and the mole 
fraction of the (T -S) linkage at time t min is 
taken as x, the rate of the formation of x can 
be expressed by eq 2, assuming the second
order reaction. 

dx ( X)( X) '( X )2 
dt =k a-2 b-2 -k 2 (2) 

and taking x. as x at equilibrium, eq 3 can be 
obtained. 

and eq 2 can be written as eq 4, 

=k b- )-( Y 
b-

X l (4) 

The rate constant k at time t min can be ob
tained from eq 5 by integrating eq 4, 
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kt 

Table II. Rate constants in transesterification 
reactions between PET and PES 

PET/PES Time, k• 
k/k' k'• 

min min-'1 min-'1 

9/1 10 5. 77 X 10-2 8. 79 X 10-2 

30 5.29 8.07 
60 4.78 7.29 

120 5.32 8.12 
180 4.53 0.656 6.90 

8/2 10 6.12 9.18 
30 5.75 8.64 
60 5.32 8.00 

120 4.69 7.06 
180 5.20 0.665 7.82 

7/3 10 3.94 5.83 
30 4.65 6.87 
60 4.03 5.98 

120 4.32 6.38 
180 4.23 0.676 6.26 

6/4 10 3.56 5.84 
30 4.81 7.87 
60 5.53 9.06 

120 4.53 7.42 
180 4.03 0.611 6.58 

5/5 10 2.62 3.28 
30 5.68 7.12 
60 5.68 7.12 

120 4.95 6.20 
180 5.66 0.798 7.08 
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PET/PES 

4/6 

3/7 

2/8 

1/9 

Table II. (continued) 

Time, 
min 

10 
30 
60 

120 
180 

10 
30 
60 

120 
180 

10 
30 
60 

120 
180 
10 
30 
60 

120 
180 

k• 
min'-1 

4.37 
5.54 
5.62 
4.22 
4.81 
3.94 
4.70 
4.24 
5.56 
4.21 
6.03 
5.93 
6.07 
5.50 
5.27 
5.71 
5.61 
4.35 
4.33 
4.53 

k/k' k'• 

7.38 
9.35 
9.49 
7.13 

0.592 8.12 
5.98 
7.13 
6.43 
8.44 

0.659 6.39 
9.63 
9.47 
9.67 
8.77 

0.627 8.39 
8.60 
8.47 
6.56 
6.53 

0.663 6.83 

(5) 

4.92±0.77 0.661±0.055 7.50±1.29 

• k is calculated from eq 5 and has the dimen
sion of min-1. 
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Figure 3. Changes in B during the transesterification reaction between PET and PES. 

Taking the values of x at t= 180 min as x., 
values of k were calculated by eq 5 and those 
of k' were obtained from eq 3. These values 
are shown in Table II. 

It seems reasonable to take the values of x 
at !=180 min as x., because as shown in Figure 
2, Lnr and Lns do not show any change at this 
point and the value of B becomes constant at 
this time, as shown in Figure 31 • 

As can be seen in Table II, k and k' take 
almost constant values over all samples except 
in the initial stage of the reactions. This clear
ly shows that the transesterification reaction be
tween PET and PES proceeds with a second
order reaction (disregarding the order with 
respect to catalyst concentration.). Although 
k takes nearly constant values at the initial 
stage of the reaction (t= 10 min) in samples 
having greatly different feed ratios of PET and 
PES, such as 9/1, 8j2, 2j8 or lj9, it takes quite 

12 

small values in samples having the same feed 
ratio of PET and PES, i.e., 5j5. This is caused 
by the fact that in the former case one com
ponent can easily meet the other, but in the 
latter there is less probability that components 
will meet at that stage of the reaction. How
ever they are mixed quite freely after 1=30 min, 
and the value becomes constant after that. 
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