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KINETIC STUDY ON MODELS OF THE NONCATALYZED 
REACTION BETWEEN CX, w -DICARBOXYPOLYAMIDE-1 1 
AND CI, w -0IHYDROXYPOLYOXYALKYLENES 

PASCALE LAPORTE, ALAIN FRADET, and ERNEST MARkCHAL* 

Laboratoire de Synthlse Macromoleculaiie 
C.N.R.S. U.A. 24 
UniversitC P. et M. Curie 
12 Rue Cuvier, F-75005 Paris, France 

ABSTRACT 

The kinetics of the noncatalyzed reaction between a,w-dicarboxypoly- 
amide-1 1 and a,w-dihydroxypolyoxyalkylenes is investigated by using 
the reactions of 1 1 -dodecylamidoundecanoic acid with 1 -dodecanol, 2- 
tridecanol, a-dodecyl-a-hydroxypolyoxye thylene or a-dodecyl-o- 
hydroxypolyoxypropylene as models. Kinetic data fit a 3rd overall 
order (2 in acid and 1 in alcohol). Rate constants and activation param- 
eters are determined and compared. 

INTRODUCTION 

Copolymers with polyether and polyamide blocks have been the subject of 
growing interest as thermoplastic elastomers [ I ]  . They are manufactured by 
reacting incompatible a,o-dihydroxypolyethers and a+-dicarboxypolyamides. 
The kinetics and mechanisms of these polyesterifications are not well known 
due to the phase separation which takes place in the early stages of the process 

*To whom correspondence should be addressed. 
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1270 LAPORTE, FRADET, AND M A R ~ C H A L  

and to the lack of knowledge about the influence of the amide groups on the 
mechanism of polyesterification in the bulk. 

Kinetic data obtained in the bulk can be interpreted only when the con- 
centration of reactive groups is low [2-71. Concentrations can then be ap- 
proximated as activities, and the polarity of the medium remains constant 
throughout the reaction. This is why Flory [2-51, studying the polyeaterifi- 
cation of diacids and diols, took into consideration only the experimental re- 
sults obtained with conversions above 80%. The use of reactive oligomers is 
another method of studying bulk polycondensation kinetics. With these macro- 
molecular systems, the concentrations of reactive groups are relatively low. 
What is more, reactions can be carried out under nonstoichiometric conditions, 
which allows the determination of the order in each reactant. 

The present article includes the following parts: 

1 .  Kinetic study of model monoesterifications carried out in the bulk. The 
models are 1 1-dodecylamidoundecanoic acid (DAUA), CH3 -(CH2 
NH-(CH2)1 O -COOH, which is the simplest model for a,w-dicarboxypoly- 
amide-1 1 , and monohydroxy compounds of different molecular weights which 
are the models for a,w-dihydroxypolyethers: 1 -dodecanol, 2-tridecanol, a- 
dodecyl-w-hydroxypolyoxyethylene (POE-OH) and a-dodecyl-w-hydroxy- 
polyoxypropylene (POP-OH). 

1 1 (PA1 1-COOH) with POE-OH or POP-OH and comparison of the results 
with those for the polyesterification of a,o-dicarboxypolyamide-1 1 (PA1 1 - 
diCOOH) with a,w-dihydroxypolyoxyethylene (POE-diOH). 

-CO- 

2. Kinetic study of the diesterification of a-dodecyl-a-carboxypolyamide- 

EXPERIMENTAL 

Apparatus 

toring), nitrogen inlet and outlet, a sampling outlet, and a magnetic stirrer. 
Temperature was controlled by a system including a heating jacket and a 
P.I.D. regulation operated by a thermocouple plunged in the reaction medium 
(residual temperature fluctuations, +0.loC; accuracy: +O.l"C). 

The reactor was equipped with two thermocouples (regulation and moni- 

Reactants 
' 

(POE-OH,& = 370 (Janssen) and&& = 1280 (Merck), [OH] = 2.673 and 
1 -Dodecanol (Fluka, puriss. grade), a-dodecyl-w-hydroxypolyoxyethylenes 
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KINETIC STUDY OF NONCATALYZED REACTION 1271 

0.776 mol/kg, respectively), a-dodecyl-w-hydroxypolyoxypropylene (POP- 
OH,Hn = 1520 (Atochem), [OH] = 0.656 mol/kg), a,&-dihydroxypolyoxy- 
ethylene (POE-diOH, Mn = 1100 (Hoechst), [OH] = 1.818 mol/kg) were 
used without further purification. 

2-Tridecanol, prepared by reducing 2-tridecanone with NaBH4 , followed 
by distillation under reduced pressure (1 12"C, 4 torr), was characterized by 

H and 13C NMR, IR spectroscopy, GPC, and gas chromatography (purity 2 
99.5%). 

The preparation and characterization of DAUA, CH3 -(CH,), - [CO-NH- 
(CH2)lo]n-COOH (n = 1) has already been described [8]. It was useless to 
separate the compound with n = 1 (mp = 101°C) as DAUA undergoes a poly- 
condensation equilibrium when heated. The DAUA used in this study was a 
mixture of oligomers, mainly n = 1 and 2, with traces of n = 3 ([COOH] = 
2.373 mol/kg, n = 1.155). a-Dodecyl-w-carboxypolyamide-l l (PA1 1-COOH, 
A& = 1080, [COOH] = 0.926 mol/kg) and a,&-dicarboxypolyamide-1 1 
(PA1 l-diCOOH,II?, = 920, [COOH] = 2.174 mol/kg) were supplied by 
Atochem. 

Procedure 

The reactions were carried out at atmospheric pressure with DAUA and at 14 
torr with the carboxypolyamides. A mixture of the hydroxy compound and 
of the carboxy compound (-20 g) was purged with oxygen-free nitrogen and 
heated to the reaction temperature. The time was f = 0 when thermal equili- 
brium was attained and the first sample withdrawn. Since no solvent was 
used for the reactions, the initial carboxyl group concentration xj was deter- 
mined by the choice of the stoichiometric ratio: - 0.5 mol/kg when hydroxyl 
groups are in excess, to - 1.7 mol/kg when there is an excess of carboxyl 
groups. The final extent of reaction was at least 55%, corresponding to -10 
data points. 

Samples were withdrawn at predetermined times and titrated. Titrations 
were carried out under nitrogen with a Mettler DL 40 RC potentiometric 
titrator and alcoholic potassium hydroxide (0.06 mol/L) at room temperature. 
Samples were dissolved in a chloroform/ethanol mixture (111 vol). In the case 
of the experiments carried out on polyamides, samples were dissolved in boil- 
ing benzyl alcohol and titrated at room temperature. A blank titration was 
carried out. Free dodecanoic acid was converted to its ethyl ester by a 2-h 
reaction at 90°C in DMF with a twofold molar excess of N,N-diethylacetamide 
and titrated by gas chromatography using a OV 17/WAW-DMCS Chromosorb 
column, after establishing a calibration curve. 
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1272 LAPORTE, FRADET, AND MARECHAL 

Calculations and Notations 

An Intel iSBC 86/05 based microcomputer with Fortran-86 programs was 
used for the treatment of experimental data. Corrections account for the re- 
lease of condensation water, and they are included in the programs for the 
kinetic calculations. The following notations are used: 

carboxyl content (mol/kg) at times r (s), r = 0 (first sample), and 
before reaction, respectively 
algebraic value of the excess hydroxyl group concentration 

order in carboxyl groups 
order in hydroxyl groups 
overall order (d = m + n )  
initial molar ratio of hydroxyl groups to carboxyl groups 
rate constant for a dth or a (m,n) order test (kgd-1 .moll-d*s-1) 
correlation coefficient for a d th  or (m,n) order test 
standard deviation of the regression line slope of Gd(x) or 
C m , n ( X )  vs time (calculated as a percentage) 
maximum extent of reaction 
concentration unit (mol/kg) 
enthalpy and entropy of activation (kJ/mol and J*K-' *mol-') 

(mol/kg) 

RESULTS 

The Problem of Side Reactions 

As the reactants are monofunctional, alcoholysis, acidolysis, and ester in- 
terchange do not interfere with the main reaction because they give back the 
reactive groups. The hydrolysis of ester bonds must be taken into account as 
initial alcohol and acid are formed back; moreover, water may hydrolyze 
DAUA into dodecanoic acid and 1 I-aminoundecanoic acid. However, the con- 
tribution of hydrolysis is negligible under our experimental conditions since 
the kinetic data for the DAUA/l -dodecanol reaction are not changed when 
water (0.2 mol/kg) is added to the reaction mixture after each sampling. In 
the same way, evaporation, oxidation, and decarboxylation of reactants are 
negligible when the reaction temperature is under 240°C. 

The existence of a polycondensation equilibrium between amide and acid 
groups [8] is important. Although it does not alter the concentration of re- 
active groups, it  changes the nature o f  the carboxylic species: 
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KINETIC STUDY OF NONCATALYZED REACTION 1273 

D-(U)m -COOH + D-(U)m -A -COOH D-COOH + D-(U)n -COOH 

where D = CH3-(CH2)lo- (n = 1 , .  . .)and U = -CO-NH-(CH2)lo-, n = 1 , .  . , 
(m = 1,. . ., n). 

It is impossible to avoid the formation of free dodecanoic acid as soon as 
DAUA is heated. However, kinetic analysis showed that dodecanoic acid reac- 
tivity is close to that of the carboxylic end groups of the initial oligomers, 
which justifies the choice of DAUA as model. Moreover, the molar ratio of 
free dodecanoic acid to the total amount of carboxylic groups is below 0.06. 
All these observations show that the formation of free dodecanoic acid does 
not modify the kinetic data. 

Determination of Orders in Each Reactant 

The general rate equation 

is numerically integrated;m and n are varied between -0.5 and t3.2 in 0.1 
steps with m t n < 3.2. 

For each data point x(t), the values of the integrals 

are calculated, and for each (m,n) a linear regression of Gm,n(x) against time 
is carried out. The correlation coefficient. Zm,n and the standard deviation 
Sm,n  of the regression line slope are used to determine the best fit. 

When the reaction is carried out under stoichiometric conditions (r = 1, 
b = 01, only the overall order d = m t n can be determined. However, when 
the reaction is carried out under nonstoichiometric conditions (i.e., excess 
alcohol, B > 0), it is possible to determine m and n, provided the extent of 
reaction is >70% and the error of titration is low (<1%). When these condi- 
tions are not fulfilled, the position of the best fit (minimum of Sm,n)  in the 
(m,n) plane is not limited to one point but to a straight line. Experiments 
with various molar ratios must then be carried out to  determine the position 
of the best fit at the intersection of the corresponding best fit straight lines 
in the (m,n) plane (accuracy: Am = An = +0.2); (see Fig. 6 ,  for example). 
If no intersection can be found, the Rate Equation (1) is not suitable for 
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1274 LAPORTE, FRADET, AND M A R ~ C H A L  

the process under consideration, and the corresponding mechanism must be 
rejected. 

Determination of Activation Parameters 

Activation parameters were obtained from the classical relation: 

kT As* M* 

h RT 
kd = - exp ( R) exp (- - ) (C*)l-d (3) 

by least-square fitting of -R In (hkd)/kT versus 1/T. 

Reaction of DAUA with I-Dodecanol 

A series of experiments was carried out at various temperatures and under 
atmospheric pressure in the presence of an excess of alcohol (Fig. 1 and Table 1). 

1 

X 
X O  
- 

0.6 

0.2 

I 
I I I I 1 , I 0 200 LOO 600 800 

t/min 

FIG. 1. Esterification of DAUA in 1 -dodecanol at various temperatures. 
Variations of x/xo versus time. (0) 1 90°C, (n) 1 8OoC, (A) 1 7OoC, (r) 16OoC, 
(0) 150°c. 
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TABLE 1. Esterification of DAUA in 1 -Dodecanol. 
Values of Experimental Parameters 

T, "C r Pmax,  % x\, mol/kg 

190 9.31 91 0.461 

180 10.8 87 0.409 

170 11.6 84 0.386 

160 9.31 81 0.461 

150 8.99 72 0.474 

Satisfactory values of correlation coefficients are obtained only for the 
following pairs of integer or half-integer orders in acid and in alcohol: (2,1), 
(1.5,1.5),(2,0.5),(1.5,1). Table2andFig.2showthat(1.5,1.5)and(1.5,1) 
must be rejected whereas both (2,l) and (2,OS) fit the experimental data 
satisfactorily since the standard deviation S is much lower (- 1.5% instead of 
4%). A reaction carried out under stoichiometric conditions (19OoC, r = 
0.998, pmax = 77%, xo = 1.58 mol/kg) shows that the overall order d = 2.5 
must be rejected (Fig. 3). Thus the process is 2nd order in acid and first order 
in alcohol ((m,n) = (2,l)). Moreover, Table 3 shows that the rate constants 
obtained for the (2,l) pair (excess of alcohol) and for overall order 3 (stoichi- 
ometry) are close to each other. The rate of carboxyl group consumption is 
given by 

&/dt = kz,l [COOH] [OH]. (4) 

The calculation of activation parameters from the rate constants reported 
in Table 2 give the following results: 

AH* = 64 rt 1 kJ/mol, 

a ~ * = - 1 8 0 +  ~ o ~ . ~ - ' * m o l - ' .  

Reaction of DAUA with 2-Tridecanol 

A series of experiments was carried out at various temperatures and under 
atmospheric pressure in the presence of an excess of alcohol (Fig. 4, Table 4). 
The reaction rates are lower than those of the preceding system, and the maxi- 
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FIG. 2. Esterification of DAUA in 1-dodecanol at 180°C. Variations of 
integrals G,,,(x) versus time for various orders in acid and in alcohol. (m,n): 
0 (1.5,1.5); 0 (1.5,l); ~ ( 2 , l ) ;  A (2 ,0 .5) .  

FIG. 3. Esterification of DAUA with I-dodecanol under stoichiometric con- 
ditions at 190°C. Variations of integrals Gd(x) versus time for (.) overall or- 
der 3 and (.) overall order 2.5. 
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1278 LAPORTE, FRADET, AND MARECHAL 

TABLE 3. Esterification of DAUA with 1-Dodecanol at 190°C in an Excess 
of Alcohol or at Stoichiometry. Comparison of the Rate Constants and of 
Their Standard Deviations for Different Orders in Acid and in Alcohola 

r = 9.31 r = 0.998 

( w n )  km,n X lo4 sin,Il d k d x  lo4 Sm,n 

( 2 s )  1.85 1.3 

(1.5J.5) 0.276 4.1 3 1.60 1.2 

(2 ,0.5 1 3.67 1.2 
2.5 1.11 3.3 (1.591) 0.549 4.2 

aUnits: km,n,  k&-' *moll-dos-l is,,,, %. 

I I I I I 1 I I 1 
0 200 100 600 800 

FIG. 4. Esterification of DAUA in 2-tridecanol at various temperatures. 
Variations of x/xo versus time. (0) 1 90°C, (0 )  1 8OoC, (0) 1 7OoC, (.) 160°C, 

t/min 

(0)  150Oc. 
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TABLE 4. Esterification of DAUA in 2-Tridecanol 

T, "C r Pmaxt  % xi, mol/kg 

190 6.03 74 0.609 

180 7.03 64 0.547 

170 6.39 58 0.584 

160 6.40 47 0.590 

150 6.28 37 0.594 

mum extent of reaction Pmax ,  for the experiments carried out at 150 and 
160°C is also low. Thus, any pair (m,n) can fit the experimental data. At 
170,180, and 190°C the following pairs of orders fit the experimental data: 
(2.1), (1.5,1.5), (2,0.5), (1.5,l) (Table 5). However, the experiment carried 
out at the stoichiometric ratio (19OoC, r = 0.998, P m a x  = 77%, xo = 1.53 
mol/kg) shows that the 3rd order fits the experimental data better than the 
2.5 order and that k3 and k2,1 are very close (Table 6). The rate of carboxyl 
group consumption is given by Eq. (4). 

The activation parameters calculated from the rate constants in Table 7 
are 

AH* = 66.5 k 1 kJ/mol, 

AS* = -190 f 10 J-K-' emol-'. 

Reaction of DAUA with a-Dodecyl-u-carboxypolyoxyethylene of 
M, = 370 (POE-OH 370) 

A series of experiments was carried out under atmospheric pressure in an 
excess of alcohol (Fig. 5) at various temperatures and at 180°C with various 
stoichiometric ratios (Table 8). A number of pairs of orders in acid and in 
alcohol fit the experimental data; in each case the best fit (minimum of stan- 
dard deviation Sm,n on km,n) is located on a straight line in the (m,n) plane. 
For experiments carried out at various stoichiometric ratios, the slopes of 
these straight lines are different, and the intersection occurs for (m,n) = 
(1.7,0.8) (Fig. 6), indicating an order in alcohol close to 1 and an order in 
acid which could be either 1.5 or 2. According to our previous results on the 
kinetics of the esterification between hydroxy- and carboxypolyoxyethylenes 
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TABLE 6. Esterification of DAUA with 2-Tridecanol at 190°C in an Excess 
of Alcohol or at Stoichiometry. Comparison of the Values of Rate Constants 
and of Standard Deviations on Rate Constants for Different Orders in Acid 
and in Alcohola 

( I S J  .5) 0.089 
3 0.378 1.6 

0.163 2.5 0.356 1.8 

0.6 

2.1 

TABLE 7. Esterification of DAUA' in 
2-Tridecanol. Rate Constants Obtained at 
Various Temperatures for Order 2 in Acid and 
1 in Alcohol 

'k (molq ekgz .f1 ) x 104 
2 7 1  

T, "C 
150 0.0560 

160 0.0881 

170 0.145 

180 0.204 

190 0.317 
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1284 LAPORTE, FRADET, AND MARECHAL 

TABLE 9. Esterification of DAUA in POE- 
OH 370. Rate Constants for Order 2 in Acid 
and 1 in Alcohola 

T, "C 

150 0.164 

1 60 0.315 

170 0.460 

180 0.710b 

190 1.16 

k ,  , , (mo l~-kgz . s '~ )  x 104  

aFor experimental conditions, see Table 8. 
br = 3.95. 

TABLE 10. Esterification of DAUA with POP- 
OH at Stoichiometric Ratio of Reactants. Rate 
Constants for Overall Order 3 

~ 

r, "c 
180 0.619 

200 1.43 

220 3.12 

k3(mo13 .kg2+) X lo4 

data obtained here. From Table 10 the following values of activation pararn- 
eters are obtained 

M* = 70 * 1 kJ/mol, 

AS* = -170 * 10 JmK-' .rnol-'. 

Reactions - Involving a-Dodecyl-w-carboxypolyamide-I 1 of 
Mn = 1080 (PA11-COOH) 

Due to phase separation, no kinetic study could be carried out with POP- 
OH as alcohol. 
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With POE-OH 1280, the medium remains homogeneous and the 3rd order 
rate constant, k3 = 1.41 X mol-2 .kg2 u s - ' ,  obtained for the stoichiomet- 
ric reaction (xo = 0.48 mol/kg), at 19O"C, is close to  that obtained at the same 
conditions for POE-OH 370 (k3  = 1.16 X mol-2*kg2 as- ' ) .  This shows 
that both model compounds of low molecular weight (an = 370) and oligo- 
mers (Mn = 1000 to 2000) have a similar behavior. 

Reaction between a,w-Dicarboxypolyamide-I 1 (PA1 1-diCOOH, M,, = 920) 
and a,w-Dihydroxypolyoxyethylene (POE-diOH, M,, = 1100) 

The reaction is carried out at  reduced pressure (14 torr) and at a stoichio- 
metric ratio of the reactants, i.e., under experimental conditions close to those 
of industry. In order to avoid the formation of high molecular weight com- 
pounds which would cause high viscosity of the reaction medium, the reaction 
is not carried out above 55% conversion. Assuming that overall order is 3, as 
above, the rate constants in Table 1 1 give the following activation parameters, 
of the same order of magnitude as those obtained previously: 

AH* = 70 kJ/mol, 

AS* = - 180 J*K-' - mol-' 

DISCUSSION 

The low molecular weight amido acid DAUA behaves in the same way as 
any carboxylic acid. When low molecular weight models are replaced by func- 
tional oligomers, the behavior of the system is the same. The values of the ac- 
tivation enthalpy obtained with oligomers are slightly higher than those ob- 
tained with the model compounds. On the other hand, there are no significant 

TABLE 1 1. Esterification between PA1 l-di- 
COOH and POE-diOH under 14 torr. Rate 
Constants for Overall Order 3 

200 1.10 

220 2.29 
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changes in the activation entropy, showing that interactions between back- 
bones and reactive groups do not significantly affect the kinetics. 

Orders of 2 in acid and 1 in alcohol have been obtained by Flory [2-51, 
Hamann and Solomon [6],  and Fradet and Marichal [7] for esterifications 
and polyesterifications in the bulk. An A*,2 reaction scheme, in Ingold’s 
classification [9] ,was proposed. This supposes that 1 )  ion pairs are not dis- 
sociated, and 2) the predominant acid species is free RCOOH: 

2RCOOH RC(OH),+,RCOO’ 

OH 
slow I +  fast 

RC(OH)2+,RCOO- t R’OH - R-C ----O-R’,RCOO- - products. 
I 
OH H 

Even when an increased basicity of alcohol makes the following equilibrium 
preponderant, 

K’  
RCOOH i- R’OH = RCOO-,R’(OH)2’, 

The corresponding nondissociated ion pair is not involved in kinetic calcula- 
tions. The rate of acid consumption is 

Y = k[R&(OH)2+,RCOO-] [R’OH] = kK [RCOOH] ;pe [R’OH] +e. 

If we assume that ion-pair concentrations are negligible with regard to the total 
reactant concentrations. then 

which fits our experimental data. 
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