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The Kinetics and Mechanism of Esterif ication 
and Polyesterif ication Reactions 

S. D. HAMANN 
Division of Applied Chemistry 
and 

D. H. SOLOMON and JEAN D. SWIFT 
Division of Applied Mineralogy 
C.S .  I.R.O. 
Melbourne, Australia 

Summary 
The conditions under which previous kinetic measurements have 
been carried out on esterification and polyesterification reactions 
have been examined in relation to the significance of the conclusions 
reached. It is suggested that only in the later stages of the reactions 
are conditions achieved which yield sensible kinetic results. 

Experiments have been designed to obtain more accurate kinetic 
data than have previously been available for  the later stages of 
reaction. The results establish that the overall kinetic order of 
both esterifications and polyesterifications is third order. Reac- 
tions in which the molar ratios of the initial reactants have been 
varied indicate that esterifications are second order in carboxyl 
and first  order in hydroxyl group concentrations. Acid-catalyzed 
reactions have also been studied. A mechanism consistent with the 
results is proposed. 

Kinetic studies of the reaction between an alcohol and an acid 
under conditions such that water of reaction is removed rapidly 
a re  of particular importance to polymer science; the kinetic order 
of the reaction is a necessary prerequisite to assigning a mecha- 
nism to the reaction, and a comparison of the kinetics of esterifi- 
cation and polyesterification reactions is the basis on which the 
concept of equal reactivity of functional groups irrespective of 
molecular size has been developed. 

Flory [l] studied the kinetics of esterification and polyesterifi- 
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154 S. D. Hamann, D. H.  Solomon, and Jean Swift 

cation and concluded that both reactions obeyed third-order kinetics 
in the later stages of reaction (80-93"/,). He proposed that the reac- 
tion was second order in acid and f i rs t  order in alcohol and that it 
involved a trimolecular reaction between two carboxyl groups and 
one hydroxyl group [2]. 

Many other investigations into polyesterification reactions have 
been carried out and a variety of conclusions have been reached 
regarding the kinetic order and hence the mechanism of the reac- 
tions [3-71. However, in most cases the experimental results have 
been similar and the disparity of conclusions has arisen from the 
different ways in which the results have been interpreted, For 
example, the results reported by Flory have been interpreted a s  
supporting a third-order [l], a second-order [8], a second-order 
followed by a third-order [8], and more recently a 21h-order [3] 
reaction. A number of other recent studies have led to the conclu- 
sion that, in the absence of added catalyst, esterifications and poly- 
esterifications a re  21/2-order reactions [4, 5,7]. 

Much of this controversy has arisen from failure to appreciate 
the complexity of kinetics under the conditions usually encountered 
in esterification and polyesterification reactions. These a re  gene- 
rally carried out in the absence of solvent and consequently the 
reactants themselves function a s  the solvent. Initially the medium 
is an equimolar mixture of alcohol and acid, whereas at complete 
reaction it is an ester. In kinetic studies such a large change in 
polarity would not normally be considered acceptable. Moreover, 
because the initial mixture is very concentrated, it i s  likely to be 
thermodynamically nonideal in the sense that the activities of the 
two reactants may not be simply proportional to their concentra- 
tions. In these conditions a kinetic analysis based on concentrations 
can be misleading and may, for example, yield rate equations that 
have apparent fractional orders instead of integral ones. For  these 
reasons we believe that significant kinetic results can only be ob- 
tained in the la ter  stages of reaction, when the acid and alcohol can 
be regarded as forming a dilute and relatively ideal solution in the 
product [ester or low molecular weight polyester]. Although Flory 
was evidently aware of this limitation [l], it is one that has been 
overlooked by la ter  workers. 

There is another important reason for concentrating on the later 
stages of reaction in experiments designed to compare polyesterifi- 
cations with simple esterifications. If the reactivity of functional 
groups in a polyesterification were to change with the degree of 
polymerization o r  with the viscosity of the medium, the effect would 
be most apparent in the later stages and would appear a s  a progres- 
sive deviation of the reaction kinetics from those of a simple esteri-  
fication. In many of the kinetic comparisons that have been made, 
the starting materials in the polyesterification have had lower 
molecular weights that the acid and alcohol used in the simple 
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Kinetics of Esterification Reactions 155 

esterification, so that noticeable deviations could only be expected 
to occur late in the reactions. For  example, in a comparison of the 
esterification of lauryl alcohol-lauric acid mixtures with the poly- 
esterification of diethylene glycol and adipic acid [l], the molecular 
weights of the initial reactants in the esterification are about 200, 
whereas in the polyesterification the average molecular weight 
only reaches that value after 35% reaction. 

rate kinetic measurements toward the end of a reaction and the 
problem is especially serious in esterifications. In the absence of 
an added catalyst an esterification is usually slow, and to attain an 
acceptable rate of reaction it is necessary to use high temperatures. 
Also to study the kinetics satisfactorily it is desirable to avoid the 
reverse reaction of hydrolysis by removing the water that is formed, 
by passing a stream of dry nitrogen through the mixture. In these 
conditions there is some unavoidable loss of the volatile reactants 
in the early stages of reaction [I, 31 and for that reason their con- 
centrations become uncertain in the later stages. 

In the present work we have approached the study of the kinetics 
of esterification by choosing reaction conditions that avoid o r  mini- 
mize the problems discussed above. Instead of starting with an 
equimolar mixture of the pure acid and alcohol, we have used a 
solution of these in their ester.  For example, to study the esterifi- 
cation of lauryl alcohol with lauric acid we synthesized lauryl lau- 
rate and used this as the solvent for the reaction. The initial con- 
centrations were chosen so that our kinetic analysis began at a 
point corresponding to 80% reaction in the system used by Flory [l], 
Tang and Yao [3] and others [4-71. Similarly, with polyesterifica- 
tion reactions, a low molecular weight polymer was prepared under 
mild conditions and this was then used in kinetic studies at  a higher 
temperature. Once again the initial concentration of unreacted hyd- 
roxyl and carboxyl groups corresponded to 80% reaction on other 
workers ' scales. 

Unfortunately, there a re  experimental difficulties in making accu- 

EXPERIMENTAL 

Materials 
Lauric acid was recrystallized from ethanol and had a melting 

point of 42-44°C. Titration with alkali gave calculated purity of 
99. 4%. Lauryl alcohol was "puriss" grade, specified as >99% pure, 
with a melting point of 22-23°C. Diethylene glycol was distilled 
under reduced pressure, and had a boiling point of 75°C at 1 mm Hg. 
The hydroxyl value was 1051 mg of KOH/g (calculated hydroxyl 
value 1057). Decamethylene glycol was recrystallized from ethy- 
lene dichloride and had a melting point of 72°C. The hydroxyl value 
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was 640 mg of KOH/g (calculated hydroxyl value 644). Adipic acid 
was recrystallized from ethanol and had a melting point of 151- 
153°C. Titration with alkali gave a calculated purity of 99.9%. 

lauryl alcohol (1.0 mole), lauric acid (1.05 moles) and toluene 
(10 wt. 'A). Water was removed continuously in a Dean and Stark 
water separator. The reaction mixture was fractionally distilled 
and the fraction boiling at 185-188"C, at 0.6 mm Hg, collected. 
The maximum acid content, estimated from titration with alkali, 
was 0.05%. 

pared as follows: equimolar amounts of the diol and dibasic acid 
were heated with toluene (approx. 30 wt. 'A) under reflux at about 
120°C and the water of reaction removed in a Dean and Stark water 
separator until 60-65'k of the carboxyl groups had been esterified 
The toluene was removed by stripping under reduced pressure. 
The polyesters gave the following analytical results, which indicate 
that losses, if any, during their preparation a re  negligible: poly 
(diethylene glycol-adipic acid)-acid value found 257, hydroxyl 
value found 254, hydroxyl value calculated 257, saponification value 
found 219, saponification value calculated 216. Poly(decamethy1ene 
glycol-adipic acid)-acid value found 160, hydroxyl value found 159, 
hydroxyl value calculated 160, saponification value found 211, sapo- 
nification value calculated 214. 

S.  D. Hamann,  D. H. So lomon,  and J e a n  Swift 

Lauryl laurate was prepared by reflwing, for 18 hr, a mixture of 

The polyesters with a low average molecular weight were pre-  

Procedure and Apparatus Used for Kinetic Measurements 

with a constant-speed s t i r r e r  (300 rpm), a nitrogen gas inlet, a 
sampling device, a thermometer, and a condenser. The gas flow 
rate was about 60 cc/min. The flask and contents were placed in 
a constant-temperature (k0, l°C) oil bath and samples of about 
2 g were withdrawn at  intervals and cooled rapidly. The carboxyl 
content was measured by titration of accurately weighed samples 
with alkali. All measurements were made in duplicate. The initial 
weight of the ester  o r  polyester loaded into the flask was about 
250 g. This quantity was necessary to minimize temperature fluc- 
tuations which can result when the weight of samples removed is 
significant compared with the total weight of reactants. Sample 
sizes and the normality of the alkali used for titration were selec- 
ted so that acceptable t i ters  were obtained. 

The polyesters used for the kinetic studies had an initial degree 
of polymerization of 60-65%. They were further polymerized for  
a short time at the reaction temperature, and kinetic analysis was 
begun when 80% of the original carboxyl groups had been esterified. 
In the simple esterification experiments the temperature uncer- 
tainty was minimized by preheating the components. For  example, 

Reactions were carried out in a 750-ml flanged-top flask fitted 
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Kinetics of Esterification Reactions 157 

a mixture of lauryl laurate and lauryl alcohol was preheated to a 
temperature slightly above that required for the kinetic run, and 
preheated lauric acid was then added to start the reaction. 

The kinetic runs were discontinued if monomeric compounds 
(lauryl alcohol, lauric acid, diethylene glycol, etc.) were detected 
in the condenser. 

In acid catalyzed reactions, the p-toluene sulfonic acid was 
added when the other reactants had reached the reaction tempera- 
ture. 

The results a r e  listed in Table 1-4. 

ANALYSIS OF RESULTS 

The symbols used in this section a re  defined as follows: 
a = initial concentration of acid groups [COOH] 
b = initial concentration of hydroxyl groups [OH] 
t = time of reaction 
x = concentration of es ter  groups at the time t 

a-x = concentration of acid groups at the time t 
b-x = concentration of hydroxyl groups at the time t 

n = order of reaction 
k, = rate constant for reaction 

Uncatalyzed Reactions 
The term "uncatalyzed" is to be understood here to mean that 

the reactions were carried out in the absence of added acid cata- 

The results for equimolar (a = b) esterifications [Tables 1 (a), 
lyst. 

(b); 3 (a), (b); 4(a), (b)] were analyzed using the general rate for- 
mula 

1 -- 1 
(n - l)knt = (a - x)n-l an-l 

for n > 1, and the usual first-order formula for n = 1. It was found 
that the data could only be fitted properly by the equation for a 
third-order reaction, n = 3; values of n = 1,2 ,2 .  5, and 4 all gave 
pronounced deviations from straight lines. The third order plots 
a r e  shown in Figs. 1,6, and 7. 

Having established that the overall kinetics were third order, 
we examined nonequimolar mixtures (a f b) to determine the order 
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158 S .  D. Hamann, D. H .  Solomon, and Jean Swift 

TABLE 1. Reaction of Lauryl Alcohol (b = 0.200 mole) with 
Lauric Acid (a = 0.200 mole) in Lauryl Laurate 
(0.800 mole) 

(a) (b) (4 
Temp. 163°C 

Catalyzed by p-toluene 
Temp. 195°C Temp. 163°C sulfonic acid(0.004 mole) 

Time, Percentage Time, Percentage Time, Percentage 
min reaction min reaction min reaction 

0 

15 

30 

60 

120 

180 

240 

300 

3 60 

420 

480 

555 

600 

660 

780 

9 00 

1080 

1320 

1620 

0 0 

6. 20 30 

8. 50 60 

18. 5 120 

33.1 180 

40.7 240 

44.7 300 

49.7 3 60 

53. 6 420 

57.0 480 

59.7 540 

61.6 600 

62.9 720 

64. 6 840 

66.9 960 

69. 2 1080 

71.6 1200 

74 .1  1380 

76. 6 1560 

0 

5.48 

9. 82 

18.1 

23. 8 

27. 1 

32.4 

35.2 

38. 0 

40.7 

42. 3 

44. 6 

48. 0 

50. 1 

53.2 

54. 8 

57.5 

59. 8 

61.7 

0 

5 

10 

15 

20 

25 

35 

44 

50 

60 

70 

0 

36. 7 

59.7 

69.4 

74. 3 

78.0 

83. 5 

86. 5 

88.0 

89.8 
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TABLE 2. Reaction of Lauryl Alcohol with Lauric Acid in 
Lauryl Laurate at  195°C Using Various Initial 
Ratios of Acid to Alcohola 

( a) (b) (4 

a - = 0. 50 a - = 2 . 0  a = 0.112 

Time, Percentage Time, Percentage Time, Percentage 
min reaction min reaction min reaction 

0 0 

10 2. 6 

30 19.4 

60 35. 4 

120 49.3 

170 59.1 

240 66. 2 

300 70. 2 

365 74. 6 

420 77.  5 

53 0 80. 8 

0 0 

10 5. 0 

30 11.2 

70 26.9 

130 41.9 

190 49.3 

240 54.4 

320 64.4 

420 69.4 

510 75.0 

630 80. 0 

~~~ 

0 

4 

10 

16 

22 

30 

38 

48 

70 

0 

12.0 

38.7 

51.8 

60. 0 

67.8 

71.9 

76.4 

83.3 

aIn reactions (a), (b) and (c) the initial amount of acid was 0. 2 
mole in each case; the amount of alcohol was 0.4,O. 1, and 1.78 
mole; and the amount of lauryl laurate was 0.699,O. 851 and 0 mole, 
respectively. 
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TABLE 3. Further Polymerization of Poly(1:lO decanediol- 

S. D. Hamann, D. H .  Solomon, and Jean Swift 

adi ate)a of Calculated Average Molecular Weight 
640 % 

(a) ( b) (4 
Temp. 161°C 
Catalyzed by p-toluene 
sulfonic acid (0.004 mole 

Temp. 190°C Temp. 161°C per  mole of polymer) 

Time, Percentage Time, Percentage Time, Percentage 
min reaction min reaction min reaction 

0 
30 
60 
90 

150 
225 

300 
370 
465 

510 
550 
600 

660 
730 

800 

0 
20. 6 
39.0 
50.2 

61. 2 
66. 8 
71. 5 

74.4 
77.2 

78. 2 
78. 8 
79. 6 
80. 6 

81.7 

82. 5 

0 

20 

40 
100 
150 
210 

270 

330 
390 
450 
510 
550 
700 

840 
880 

1060 
1200 
1320 

0 

9.1 
16. 0 

31. 6 
41.1 
47.9 

52. 5 

57.0 
60. 0 

62. 6 
64. 6 
65. 5 
69.2 

71.9 
72.4 

74. 8 
76. 2 
7 7 . 2  

0 0 

5 34.6 
10 54.7 
15 65. 5 

20 70.8 
30 77.9 

40 82.9 
50 85.7 
60 87.9 
75 90.1 
90 91.5 

105 92. 6 

120 93. 6 

aThis polymer was prepared under mild conditions and was 

k h i s  corresponds to 82.0% esterification of the original car -  
characterized pr ior  to use. 

boxyl groups. 
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TABLE 4. Further Polymerization of Poly(diethy- 
lene glycol-adipate)a of Calculated 
Average Molecular Weight 565b 

(a) ( b) 
Temp. 190°C Temp. 161°C 

Time, Percentage Time, Percentage 
min reaction min reaction 

0 0 0 0 

30 16.9 17 5. 2 
60 22.7 30 9 . 0  

120 31. 6 60 12 .4  

180 42.9 90 19.2 

240 46. 3 120 23.0 
360 54. 1 180 30.0 

480 59.2 240 36. 4 
600 62. 7 300 40. 2 
720 65. 5 40 5 46. 1 

840 67.9 540 51.3 
9 60 69.7 660 55.0 

780 58. 0 

975 61.9 
1140 64. 2 

~ 

aThis polymer was prepared under mild conditions 

bThis corresponds to 80.0'4 esterification of the 
and was characterized prior to use. 

original carboxyl groups. 
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162 S. D. Hamann, D. H .  Solomon, and Jean Swift 

20 

15 

2 
(*. 

10 

5 

n 

I 

75(95) 

70 (94) 

% Reaction 

60 (92) 

50 (SO) 

0 (80) 
" 

0 5 10 15 20 25 30 

FIG. 1. Reaction of lauryl alcohol (0. 200 mole) with lauric acid 
(0.200 mile) in lauryl laurate (0.800 mole) at 195 and 163°C. 
The numbers in parentheses denote the corresponding percen- 
tages of reaction in the systems studied by Flory [ 11 and 
others [3-71. 

Time (hr.) 

with respect to each component. As Figs. 2-4 show, the data of 
Table 2 can be fitted closely by the relation 

In("-")-(*) =k3(a-b)2 t+1n-- -  a a - b  
b-X a - x  b a  

obtaining by integrating 

- dx - k (a - x)2(b - x) 
dt - 3 

The analogous relation based on 

- dx - k'(a  - x)(b - x)2 
dt - 3 (4) 

failed badly. In addition, the values of k3 derived from (2) were 
almost unchanged when the ratio a/b was changed from 2 to 1/2 
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I 

I 1 
1 0  

I I I 1 I I I I 1 
7 8 9  5 6 0 I 2 3 4  

Time (hr 1 

FIG. 2. Reaction of lauryl alcohol (0.400 mole) with lauric acid 
(0.200 mole) in lauryl laurate (0.699 mole) at  195°C. 

80 

70 

VO Reaction 

50 

3 
1 

0 1 2  3 4 5 6 7 8 9 10 I t  
Time (hr) 

FIG. 3. Reaction of lauryl alcohol (0,100 mole) with lauric acid 
(0.200 mole) in lauryl laurate (0.851 mole) at 195°C. 
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80 

Reaction 

70 

50 

0 
I I 1 

0 20 40 60 80 
Time (min) 

FIG. 4. Reaction of lauryl alcohol (1.78 moles) with lauric acid 
(0. 200 mole) at 195°C. 

(cf. Table 5). These results prove that the reaction is of the second 
order in acid groups and of the first order in hydroxyl groups. 

Catalyzed Reactions 

analyzed by a general method that allowed f o r  the occurrence of 
simultaneous uncatalyzed reactions. Following Flory [ 13, we 
assumed the catalyzed reaction to be a second-order one and the 
uncatalyzed reaction to be a third-order one. For  an equimolar 
mixture the total rate of reaction is then 

The results for  acid-catalyzed reactions [Table 1 (c), 3 (c)] were 

where k, is a function of the concentration of added catalyst, but not 
of time. Integration gives 

k,a + k, 1 1 
k2t = E: - In [k3(:Ii  + k, a I-,+, 

In applying this equation we f i rs t  obtained an approximate value 
for k2 by treating the reaction as if it were a pure second-order 
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one and then combined this value with the value of k, derived from 
independent measurements made at  the same temperature in the 
absence of an added catalyst [Tables 1 (b), (c); (b), (c)]. It emerged 
that the first  term in (6) was, in fact, insignificant in comparison 
with the last  two and that the reaction could justifiably be treated 
as a simple second-order one. The second-order plots are  shown 
in Figs. 5 and 8. 

Table 5 l ists  the individual rate constants. 

92.5(98.5) 

90 (98) 

% Reaction 

85(97) 

75195) 

50(90) 
O(82) 

FIG. 5. Reaction of lauryl alcohol (0.200 mole) with lauric acid 
(0. 200 mile) in lauryl laurate (0. 800 mole) at  163°C in the pre-  
sence of p-toluene sulphonic acid (0.004 mole). The numbers 
in parentheses denote the corresponding percentages of reaction 
in the systems studied by Flory [l] and others [3-71. 

DISCUSSION 

Our results show that simple esterification and polyesterifica- 
tion reactions a re  of the same kinetic order. In the absence of an 
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92.5 (96.9 

BO (96.5 1 

% Reaction 

75 (95.51 

70 (94.61 

50 (91) 

0 (82) 
0 5 10 15 20 25 

Time (hr)  

FIG. 6. Further polymerization of poly( 1: lO decane diol-adipate) 
of calculated average molecular weight 640. The numbers in 
paxentheses denote the corresponding percenta e s  of reaction 
in the systems studied by Flory [l] and others b-71. 

added catalyst (Figs. 1,6, and 7) they both follow third-order kine- 
tics : 

rate cc [RCOOHI2[R'OH] 

and in the presence of a catalyst (Figs. 5 and 8) they obey second- 
order kinetics: 

rate = [RCOOH][R'OH] 

Our findings a re  in complete agreement with those of Flory [l,  21 
for the later stages of the reactions that he studied. 

The experiments on the polyesterification of decamethylene 
glycol with adipic acid were continued until 96.9% of the initial 
carboxyl group had reacted, whereas Flory's measurements stopped 
at  92.7%. Our final mixture was therefore much more viscous and 
had a much higher molecular weight than Flory's. Nevertheless 
the reaction still obeyed third-order kinetics (Fig. 6) and this re- 
sult provides powerful support for  the concept that the reactivity 
of a functional group is independent of the size of the molecule to 
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12- 

I I  

10 

9- 

8 -  

7 -  

6- 

5- 

4- 

3- 

- 70(94) 

- 60(92) 

- 

- 

- 50 (90) 

- O(80) 
O I I 1 

0 5 10 15 20 

Time (hr) 

FIG. 7 .  Further polymerization of poly(diethy1ene glycol-adipate) 
of calculated average molecular weight 565. The numbers in 
parentheses denote the corresponding percenta es of reaction 
in the systems studied by Flory [l] and others F 3-71. 

which it is attached [9]. We might add that although other authors 
have suggested that uncatalyzed polyesterification reactions obey 
second-order [8] and 21/2-order [3-7] kinetics, they have not chal- 
lenged the concept of equal reactivity, since they have assumed o r  
claimed that simple esterifications have similar kinetics. For  
linear systems such a s  we have studied here, the kinetic evidence 
is therefore consistent with the idea that functional group activity 
is independent of molecular size, although deviations from the rule 
have been observed in more highly functional systems and in the 
early stages of some diethylene glycol reactions [lo, 111. 

Now that their kinetics a re  established, it is worthwhile to con- 
sider the detailed mechanisms of these reactions. Day and Ingold 
[12] and Ingold 1131 have classified the possible mechanisms of 
esterification and hydrolysis in acidic systems and we shall use 
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FIG. 8. Further polymerization at  161°C of poly(1:lO decane 
diol-adipate) of calculated average molecular weight 640 in the 
presence of p-toluene sulfonic acid (0.004 mole). The numbers 
in parentheses denote the corresponding percentages of reac- 
tion in the systems studied by Flory [l] and others [3-71. 

their notation in this discussion. The unimolecular AAcl and AAL1 
mechanisms can be ruled out by the observed high-order kinetics 
and by the fact that the reactants a r e  not of the kind that readily 
form carbonium o r  acylium ions, Of the two possible bimolecular 
mechanisms, the A,2 has never been observed [13] and there is 
no reason to suppose that it operates in the present systems. We 
therefore consider that the reactions occur by the common AAc2 
mechanism, in which the rate-determining step is 

RCOOHg + R’OH --+ RCOOHR’+ + H,O (7) 

In the absence of an added catalyst the oxonium ions RCOOG a re  
formed by autoprotolysis of the carboxylic acid: 

2RCOOH == RCOO- + RCOOHg ( 8) 

where, in a medium of low dielectric constant, the ions will be 
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largely associated as ion pairs .  From arguments that a r e  presented 
in the Appendix, we conclude that the slow step is the attack of ion 
pa i rs  on an alcohol group: 

S.  D. Hamann, D. H .  Solomon, and Jean Swift 

(RCOO- 

RCOOR’ + RCOOH + H,O 

RCOOH;)~,, pair  + R’OH % 
fast (RCOO- RCOOHR’+)ion pair  + HZO ---+ 

(9) 

In the presence of a strong acid catalyst AH the oxonium ions a r e  
formed by the proton transfer:  

AH + RCOOH == A- + RCOOH; (10) 

and the slow step is 

slow 

fast  
(A- RCOOH$)ion pa i r  + R’OH + 

(A- ... RCOOHR‘+)ion pa i r  + HZO 

RCOOR’ + AH + H,O 

These mechanisms a r e  consistent with the kinetics and, chemically, 
they are very reasonable ones. 

Acknowledgments 

Mr .  R. Grace for  his help in some of the measurements. 
We a r e  indebted to Dr. J. E. Lane for  deriving formula (6) and to 

APPENDIX 

An Examination of Possible Reaction Mechanisms 

As explained in the text we presume that the reactions follow 
Ingold’s AAc2 mechanism (131, in which the slow step is the bimole- 
cular reaction 

RCOOH; + R’ OH --+ RCOOHR’+ + H,O 

rate  0~ [RCOOHJ][R’OH] (13) 

(12) 

so  that 

where the species RCOOHJ may be either a f ree  ion o r  the compo- 
nent of an ion pair. 
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Uncatalyzed Reactions 

ions is the autoprotolysis equilibrium 
In the absence of an added catalyst, the source of the oxonium 

2RCOOH * RCOO- + RCOOHZ (14) 

[RCOO-] [RCOOH;] 
[RCOOH] 

K, = 

which occurs simultaneously with protonation of the alcohol groups 

RCOOH + R’OH + RCOO- + R ’ O H ~  (16) 

[RCOO-][R’OG] 

[RCOOH][ R’OH] 
K, = 

The extent of both protonations is extremely small in media of low 
dielectric constant, so that the concentrations of RCOOH and R’OH 
are effectively equal to the total concentrations of acid and alcohol 
[RCOOHIt and [R’OHIt. Since alcohols a r e  much stronger proton 
acceptors than acids, the equilibrium (16) must predominate and 
we assume here that [R’OH;] >> [RCOOH;]. 

trality, 
Case 1. If the ions were unassociated, then, for  electrical neu- 

[RCOO-] [R’OH$] (K,[RCOOH]t[R‘OH]t)1/2 (18) 

K, [RCOOH]#*5 
KBI2[ R’OH] 

[RCOOH;] 
t 

Hence,from (13), the kinetics would be 

rate 0~ [RCOOH]i.5[R‘OH]i/2 (20) 

This is, the reaction would be a second-order one, in disagreement 
with the experiments. 

Case 2. On the other hand, if the ions produced in (14) and (16) 
were completely associated as ion pairs,  the concentration of 
(RCOO- ’ * *  RCOOH@ion air would be independent of the equili- 
brium (16) and, from (14ywould be simply proportional to [RCOOH]?. 
The kinetics would then be 

rate 0: [RCOOH]? [R’OHIt 

in agreement with the experiments. 
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Catalyzed Reactions 

slightly ionized in a carboxylic acid medium, so we may justifiably 
assume that the proton t ransfer  reactions 

There is evidence [14] that p-toluene sulphonic acid is only very 

AH + RCOOH * A- + RCOOHg (21) 

[A-l[RCOO$l 
K, = 

[AH][RCOOH] 

AH + R’OH =+ A- + R’OHg (23) 

[A-][R‘OH3] 
* - [AH][R’ OH] 

K -  

occur to only a small  degree and that [RCOOH] and [R‘OH] may be 
written [RCOOHIt and [R’OHIt. Again i t  can be assumed that the 
equilibrium (23) predominates. 

Case 1. If the ions were free ,  then for  electrical neutrality 

[A-] M [R’OS]  (K4[AH][R’OH]t)1/2 (25) 

K,[AH] 2[ RCOOHIt 
[RCOOH$] = 

Ki/2[R’OH]f 

Hence,from (13), a t  constant [AH], 

rate cc [RCOOH][R’OH]1/2 (27) 

in disagreement with the experiments. 

pa i r s  containing the protonated acid would be given by 
Case 2. If the ions were associated, the concentration of ion 

[(A- RCOOH8)ion pair] = [AH][RCOOHIt (28) 

and the kinetics at constant [AH] would be 

rate = [RCOOH][R‘OH] (29) 

in agreement with the experiments. 

proceed through the reaction of R’OH with RCOOH’]: ions in the 
form of ion pairs.  We have no direct  information on ion-pair for-  
mation under the conditions of our  reactions, a t  high temperatures 
and low values of dielectric constant ( E )  . But Fuoss’s theory [ 151 

We conclude that both the uncatalyzed and catalyzed reactions 
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Kinetics of Esterification Reactions 173 

predicts an association constant of 4 x 109 $g/mole at  190°C, 
E = 5,for ions whose charge centers a r e  5A apart, and that may 
be a realistic value for our system. It certainly suggests that our 
suppositions a re  reasonable. 
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Zusammenfassung 
Die Bedingungen bei welchen fruhere kinetische Messungen von 
Esterifikations und Polyesterifikationsreaktionen ausgefiihrt wur- 
den, sind in Bezug auf die Bedeutung der  dabei erzielten Schlusse 
untersucht worden. Es wird darauf hingewiesen, dass nur in den 
letzten Phasen der  Reaktion Bedingungen vorherrschen, die sinn- 
volle kinetische Ergebnisse ergeben. 

Experimente wurden entwickelt, die e s  erlauben, genauere kine- 
tische Daten fur  die spateren Phasen der Reaktion zu erhalten als 
s ie  je vorher verfiigbar waren. Die Ergebnisse ergeben, dass die 
Esterifizierung als auch die Polyesterifizierung summarisch 
gesehen nach drit ter Ordung verlaufen. Bei Reaktionen in welchen 
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174 S .  D. Hamann, D. H. Solomon, and Jean Swift 

die molaren VerhPltnisse der  Ausgangsmaterialien variiert wurden, 
ergab sich eine Abhhgigkeit zweiter Ordung in Bezug auf die Car- 
boxylgruppenkonzentration und ers te r  Ordnung in Bezug auf die 
Hydroxylgruppenkonzentration. SEiure-katalysierte Reaktionen wur- 
den ebenfalls untersucht. Ein mit diesen Resultaten ubereinstim- 
mender Mechanismus wird angegeben. 

Resume 
On a examine les  conditions dans lesquelles on a fait precedement 
des mesures cinetiques des reactions d'esterification et  de poly- 
esterification par  rapport k la signification des conclusions obte- 
nues. On a suggbre que c'est uniquement dans les  dernieres etapes 
de ces  reactions qu'on parvient aux conditions donnant des resultats 
cinetiques raisonables. 

On a mis  au point des experiences afin d'obtenir des donnees 
cinetiques plus precises que ces  disponsibles anterieurement pour 
les  dernidrs stades de la reaction. Les resultats prouvent que 
l 'ordre global cinetique de l'esterification et  de la  polyesterifica- 
tion es t  de 3me ordre. Les reactions dans lesquelles on a varie 
les  t a u  molaires des reactifs de depart indiquent que l'esterifica- 
tion est  du 2me ordre par  rapport au carboxyle et  de Ier ordre en 
relation aux concentrations du groupe hydroxyle. On a aussi Btudie 
les  reactions acido-catalysees. On propose un mecanisme en 
accord avcc les  resultats. 
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