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ABSTRACT 

-The uncatalyzed and catalyzed polymerization of polypropylene 
glycols (h4W 400-2000) with toluene diisocyanate has been studied in 
toluene solution at three different temperatures. Discontinuity was ob- 
served in the second-order plots of uncatalyzed reactions in contrast to 
the catalyzed reactions which showed straight-line plots. The rate con- 
stants (k,, k2) and the activation parameters (Ea,, Ea2, AS:, A S 3  for 
the isocyanate groups in the 4- and 2-positions were caIculated. In the 
uncatalyzed and diethylcyclohexylamine-catalyzed reactions, the rate 
constants were found to decrease with increasing molecular weight of 
the polyols, whereas in the dibutyltin-dilaurate-catalyzed reactions the 
rate constants and the activation parameters were found to be indepen- 
dent of the molecular weight of the polyols. 
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INTRODUCTION 

About 90% of the polyols used in polyurethane manufacture are hydroxyl- 
terminated polyethers. Among them, most of the polyols are based on propylene 
oxide [l]. Toluene diisocyanate (80/20 mixture of 2,4- and 2,6-isomers) is most 
widely used as a curing agent in polyurethane synthesis. The isocyanate groups in 
the 2- and 4-positions have different reactivities [2]. 

The kinetics of the model urethane formation reaction between isocyanates 
and alcohols has been extensively studied [3-81. However, comparatively little infor- 
mation has been reported on the diisocyanate-diol reaction kinetics [2, 9-13]. Re- 
ports on the kinetics of the polypropylene glycols-toluene diisocyanate reaction are 
particularly scarce [lo]. The difficulty is mainly due to the increase of viscosity 
during the polymerization reaction. Aranguren and his coworkers [ 131 studied the 
reactivity of ortho and para isocyanate groups of toluene diisocyanate with a sorbi- 
tol-based polyether polyol. Wissman and his coworkers [ 101 investigated the reactiv- 
ity of the isocyanate group in the 4-position of a 80120 mixture of 2,4- and 2,6- 
toluene diisocyanate with some polypropylene glycol employing tin catalyst and 
excess diisocyanate. Some reports [14-161 on the reaction of toluene diisocyanate 
with polypropylene glycols were recently published, but they do not describe the 
reactivity of both isocyanate groups in the toluene diisocyanate molecule. 

The properties of a polyurethane depend on the molecular weight of the polyol 
and the presence and nature of the catalyst [17]. The aim of the present kinetic 
study of commercial polyether polyol (MW 400-2000)-toluene diisocyanate reaction 
is to determine: 

1 .  The effect of the molecular weights of the polyols in the polyurethane 
formation reaction. 

2. The effect of the temperature and catalyst on the reactivity of isocyanate 
groups in the 2- and 4-positions of the toluene diisocyanate molecule. 

EXPERIMENTAL 

Materials 

The polypropylene glycols (PPG) used in this study were obtained from UB 
Petroproducts Ltd. The specifications for each polyol are listed in Table 1.  Toluene 
diisocyanate (TDI), obtained from Fluka, contained 80% 2,4-TDI and 20% 2,6- 
TDI isomers and was distilled at reduced pressure before use. Dibutyltin dilaurate 
(DBTDL) (Merck) was used as received. Diethylcyclohexylamine (DECHA) (Sigma) 
was distilled before use. Toluene was purified by a reported procedure [ 181. 

Polymerization and Rate Measurement 

Polymerizations for different time intervals were carried out in individual 
reactors. Conical flasks (100 mL) containing calculated amounts of polyol and 
toluene (total volume 15 mL) were fitted with a silicone rubber tube attached to the 
nitrogen inlet-outlet tube. These reactors were purged with nitrogen, closed with a 
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Time ( x  lo-* sec) 

FIG. 1. Uncatalyzed second-order TDI-Vittacol-400 reaction plots. 

silicone rubber tube, and immersed in a constant temperature bath with stirring. A 
specially built magnetic multistirrer was employed. After thermal equilibrium was 
attained, 5 mL of 0.8 N TDVtoluene solution was injected through the rubber tube. 
The concentration of the reactants was 0.2 N and the -NCO/-OH ratio was 
unity. After each time interval, the reactor was removed from the bath and 5 mL of 
2 N dibutylamine solution was added. The flask was kept at room temperature for 
1 hour to ensure complete reaction of the unreacted isocyanate with the amine. The 
excess amine was measured by titration with 0.48 N alcoholic hydrochloric acid 
with a methyl redlmethylene blue mixed indicator [19]. To study the effect of 
catalyst on the reaction rate, identical experiments were conducted in the presence 
of calculated amount of the catalysts, viz., DECHA or DBTDL. The titer values 
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FIG. 2. Arrhenius plots for uncatalyzed TDI-Vittacol-400, Vittacol-1000, and Vitta- 
col-2OOO reactions. 
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POLYETHER POLYOLS 345 

TABLE 3. Second-Order Rate Constants and Activation Parameters,for the 
Diethylcyclohexylamine (2.5 x lo-' M) Catalyzed Reaction between Toluene 
Diisocyanate and Polyols 

~ ~ ~~~ ~~ ~~ 

Ea, AS', 
Temperature, k x lo4, Conversion, kJ. JK-' .  

Polyol OC L.mol-'.s-' vo (minutes) mol-' mol-' 

Vittacol-400 30 
40 
50 

Vittacol-lo00 30 
40 
50 

Vittacol-2000 30 
40 
50 

2.000 
4.330 
6.667 

1.944 
2.778 
3.478 

1.250 
1.667 
2.080 

7 (35) 

20 (35) 

10 (42) 
12 (42) 27.0 -236 
14 (42) 

15 (35) 47.0 -169 

5 (42) 
7 (42) 27.0 -241 
9 (42) 

are taken to represent the concentration of dibutylamine inasmuch as the concentra- 
tion of the catalyst was negligible in comparison. 

RESULTS AND DISCUSSION 

All reactions reported in this paper were carried out at three different tempera- 
tures (30, 40, and 5OOC). The data were treated according to a second-order rate 
equation for equal initial reactant concentrations. The second-order rate plots (Fig. 

TABLE 4. 
Dibutyltin Dilaurate (2.5 x 
Diisocyanate and Polyols 

Second-Order Rate Constants and Activation Parameters for the 
M) Catalyzed Reaction between Toluene 

Ea, AS', 
Temperature, k x lo4, Conversion, kJ .  JK-'a 

Polyol OC L-mol-'.s-' Vo (minutes) mol-' mol-' 
~~ 

Vittacol-400 30 
40 
50 

Vittacol- 1000 30 
40 
50 

Vittacol-2000 30 
40 
50 

~~ 

12.000 
22.220 
42.220 

13.330 
21.667 
41.667 

13.330 
23.330 
40.000 

- - ~ ~~~~~ 

34 (35) 
46 (30) 47.0 -156 
52 (21) 

40 (35) 

55 (25) 

40 (35) 
53 (35) 45.0 -162 
60 (30) 

52 (35) 45.0 -162 
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3 6 9 12 15 18 21  

Time ( x  lo-* sec I 

FIG. 3. Diethylcyclohexylamine catalyzed second-order TDI-Vittacol-400 reaction 
plots. 

1) for the uncatalyzed reactions of PPG-400, PPG-1000, and PPG-2000 with TDI 
show a very distinct break in continuity beyond 10% conversion. The authors [20] 
observed pronounced discontinuity at 13% conversion in the reaction of TDI with 
a prepolymer having primary hydroxyl groups. Thus, this behavior may be due to 
the difference in reactivity of the isocyanate groups in TDI molecules. The -NCO 
group in the 4-position should be more reactive than the -NCO group in the 
2-position. Since the -NCO group in the 4-position is activated by the -NCO 
group in the 2-position, it is free from steric hindrance due to the methyl group in 
the 1-position. The -NCO group in the 2-position may react after consumption of 
the -NCO group in the 4-position. According to this argument, the breakpoint 
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Time ( x  sec I 

FIG. 4. Dibutyltin dilaurate catalyzed second-order TDI-Vittacol-400 reaction plots. 

should appear around 50% conversion, but it is observed at around 10% conver- 
sion. Thus, it may be concluded that the -NCO group in the 2-position can react 
simultaneously with the -NCO group in the 4-position after some extent of reac- 
tion [3]. 

Table 2 shows the rate constants and the activation parameters for the uncata- 
lyzed reaction of TDI with polyols. The rate constants k, and k2 for the isocyanate 
groups in the 4- and 2-position, respectively, were calculated from the slopes of the 
two distinct straight lines. This method is generally accepted for a reaction involving 
two isocyanate groups present in the same benzene ring [3]. The rate constants for 
both the isocyanate groups decreased with increasing molecular weight of the poly- 
01s. Farkans [21] observed that the reaction rate decreased with increasing carbon 
chain length of oligomer diols in the reaction with hexamethylene diisocyanate. It 
was also found that 40% conversion was achieved in the reaction with PPG-400 in 
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3 H hours at 5OoC, whereas the conversion with PPG-2000 was only 15% under the 
same conditions. 

The isocyanate group in the 4-position shows a 3 times higher reactivity than 
that in the 2-position. However, some authors [22, 231 have assumed that the 
reactivity of the para isocyanate group is about 10 times that of the ortho group, 
whereas Brock [24] calculated the reactivity of the para isocyanate group and found 
that it was about 2.67 times more reactive than the ortho group. The authors [20] 
calculated the reactivity of the isocyanate group in the 4-position; it was 4 times as 
reactive as the isocyanate group in the 2-position. The effect of temperature on the 
less reactive group can be understood by calculating the k,/k2 ratios for different 
temperatures. As can be observed from Table 2, the value decreases with increasing 
temperature. This trend indicates that the temperature enhances the reactivity of 
the isocyanate group in the 2-position rather than that in the 4-position. 

The activation energies, Eal and Ea,, for the uncatalyzed reaction were calcu- 
lated from the slopes of the Arrhenius plots (Fig. 2). The values of Ea2 for the 
reaction of the isocyanate group in the 2-position are higher than the values of Ea, 
for the reaction of the isocyanate group in the 4-position of TDI molecules. This 
may be attributed to the inductive and steric effects provided by the neighboring 
methyl substituent in the 1-position. The entropy of activation was calculated from 

] 2.303R 
h 2.303RT 

AH' in the above equation was obtained from the energy of activation by using the 
relation AHx = Ea - RT. 

The rate constants and the activation parameters for the DECHA- and DBT- 
DL-catalyzed reaction of TDI with polyols are listed in Tables 3 and 4, respectively. 
Representative rate plots (Figs. 3 and 4) do not show any break in continuity. In 
view of the enhanced rate of the reaction, the discontinuity in the plots due to the 
different reactivities of the two isocyanate groups is not manifest. 

As previously mentioned, the rate constants decreased with increasing molecu- 
lar weights of the polyols in the DECHA-catalyzed reactions. The apparent entro- 
pies of activation are highly negative due to the formation of a rigid complex 
between the catalyst and isocyanate in the transition state. 

In contrast with DECHA-catalyzed reactions, the rate constants, percentage 
conversions, and the activation parameters derived from the DBTDL-catalyzed re- 
action of PPG-400, PPG-1000, and PPG-2000 with TDI are nearly independent of 
the molecular weight of the polyols. Wissman and his coworkers [lo] reported that 
the rate constants of DBTDL-catalyzed polyether polyol-TDI reactions were found 
to be essentially independent of the chain length and the functionality of the polyols. 
When compared to uncatalyzed and DECHA-catalyzed reactions, the conversion is 
very high in the DBTDL-catalyzed reaction. Sixty percent conversion was achieved 
within 30 minutes in the reaction with PPG-2000 at 5OoC, whereas only 15% con- 
version was achieved in 210 minutes under the same conditions in the uncatalyzed 
reaction. Also, the uniform rate constants and the activation parameters indicate 
that the reaction is not diffusion-controlled. The above observations can be ex- 
plained on the basis of activation of both TDI and polyol by DBTDL. Smith [9] 
and Van der Weij [5] have also proposed a similar postulate. 
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CONCLUSION 

1.  Reactions of polypropylene glycols (Vittacol-400, Vittacol-1000, and Vit- 
tacol-2000) with TDI follow an apparent second-order rate law. 

2. The uncatalyzed reactions show a break in continuity in second-order rate 
plots whereas the catalyzed reactions show straight line plots. 

3. DBTDL was found to be a very efficient catalyst for the TDI-polyol 
reaction. 

4. In the DBTDL-catalyzed systems, the reaction rates were found to be 
independent of the molecular weight of the polyols. 

ACKNOWLEDGEMENT 

We thank UB Petroproducts Ltd., Manali, Madras, for the supply of polyols. 

REFERENCES 

111 

PI 

131 
[41 

151 

171 
[61 

1151 

G. Woods, The ICI Polyurethanes Book, ICI Polyurethanes and John Wiley 
& Sons, The Netherlands, 1987, p. 36. 
J. H. Saunders and K. C. Frisch, Polyurethanes Chemistry and Technology, 
Part 1, Chemistry, Wiley-Interscience, New York, 1962, p. 150. 
S. G. Entelis and 0. V .  Nesterov, Russ. Chem. Rev., 35, 917 (1966). 
K. C. Frisch and L. P. Rumao, J. Macromol. Sci. -Macrornol. Rev., C5(1), 
103 (1970). 
F. W. Van der Weij, J. Polym. Sci., Polym. Chem. Ed., 19, 381 (1981). 
H.-K. Ono, F. N. Jones, and S. P. Pappas, Ibid., 23,509 (1985). 
S .  W. Wong and K. C. Frisch, J. Polym. Sci., Part 1, Polym. Chem., 24, 
2867,2877 (1987). 
M. C. Chang and S. A. Chen, Ibid., 25,2543 (1987). 
H. A. Smith, J. Appl. Polym. Sci., 7,  85 (1963). 
H. G. Wissman, L. Rand, and K. C. Frisch, Ibid., 8,2971 (1964). 
A. Sebenik, C. Kastelic, and U. Osredkar, J. Macromol. Sci. -Chem., A20, 
341 (1983). 
V. P. Lodigina, E. V. Stoubun, and S. M. Baturin, Vysokomol. Soedin., 
Ser. A ,  27,921 (1985). 
M. I. Aranguren and J. J. Williams Roberto, Polymer, 27,425 (1986). 
M. S. Vilesova, N. P. Spasskova, L. V. Lesnevskaya, C. N. Gusera, L. G. 
Izrailev, and V. M. Zolotraev, Vysokomol. Soedin., Ser. A ,  14, 1685 (1972). 
K. Sugawara, H. Miyazaki, and K. Hara, Asahi Garasu Kenkyu Hokoku, 
33, 143 (1983); Chem. Abstr., 101, 111437~ (1984). 
K. Sugawara, S. Hayashida, H. Miyazaki, and K. Hara, Proc. SPI Annu. 
TechIMurk. Conf., 6 (1984); Chem. Abstr., 102,626OOd (1985). 
B. G. Alzner and K. C. Frisch, Ind. Eng. Chem., 51, 715 (1959). 
A. I. Vogel, Textbook of Practical Organic Chemistry, ELBS, London, 1971. 
J. W. Baker and J. B. Holdsworth, J. Chem. Soc., p. 713 (1947). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



350 KOTHANDARAMAN AND NASAR 

[20] H. Kothandaraman and A. Sultan Nasar, J. Appl. Polym. Sci., In Press. 
[21] F. Farkans, Chem. Abstr., 97, 72869r (1982). 
[22] I. C. Kogen, J. Org. Chem., 24, 438 (1959). 
[23] J. J. Tazuma and H. K. Latourette, Paper Presented to the Division of Paints 

and Plastics at the 130th National Meeting of the American Chemical Society, 
Atlantic City, New Jersey, September 1956. 

[24] F. H. Brock, J. Org. Chem., 24, 1802 (1959). 

Received March 5 ,  1993 
Revision received June 18, 1993 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


