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ABSTRACT

An experimental kinetic study of the addition reaction between hydroxyl
groups of some copolymers of poly(tetrafluoroethylene-co-vinyl alcohol) and
isocyanate groups as cross-linking agents has been conducted . The kinetics
of the cross-linking reaction and the extent of reaction are followed and
monitored by infra-red spectroscopy . It is found that the reaction follows a
simple second order kinetics until an extent of reaction of 80% and the gel
point of 85—90% are reached . For conversion above the gel point, a
negative deviation from the second-order kinetics is observed.
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INTRODUCTION

The reaction between a monoalcohol and a mono-
isocyanate leading to the formation of a urethane
group is usually well known, though any such
combination is a specific case [1] . Over the years,
several equations which describe the kinetics of
various systems in given experimental conditions
have been proposed [2, 3], but as soon as polyfunc-
tional monomers are involved in order to obtain
linear or cross-Iinked polyurethanes in solvent or in
bulk, the kinetics of formation become much more
complicated . The main reason for complication
seems to be a consequence of the rapid increase in
viscosity of the reaction medium with the progress
of the polycondensation. Another difficulty origin-
ates from the reactivities of the isocyanate groups

and the hydroxyl functions, which may differ ]4, 5].
Model networks have been the subject of

many theoretical and experimental investigations
[6—14] . In order to study such kinetics, several
authors [15—16] have tried to adopt, with more or
less success, the kinetic equations established for
the monoisocyanate/monoalcohol systems.

Depending on the chemical nature of the
polyfunctional reactants and the synthesis para-
meters, the rate is found to increase or to decrease,
usually near the gel point, or not changing at all
during the reaction process [17].

The aim of such studies is to understand
network formation and to explain some of the pro-
perties of the final cross-linked material . It is well
known that these properties depend strongly on
the pregel region. However, before investigating
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the structure and the mechanical properties of the
gel, a thorough preliminary chemical study of its
formation is necessary, as many parameters play a
role in the synthesis of this material . Such know-
ledge can then allow an optimization of the
gelation process.

The present paper deals with a kinetic study
of the formation of urethane links, which lead the
system to a cross-linked materiaL To describe the
chemical kinetics of the network formation, we
used infra-red spectroscopy . The chemical reaction
may be followed from its onset to final conversion
even when a network is formed. The only prerequi-
site is the existence of a characteristic absorption
peak that follows a well known law in a defined
range of concentrations and may be related accur-
ately to the actual monomer content of the
reaction medium . In this case, the system follows
the Beer-Lambert's law. Thus, we have applied the
said method to investigate the kinetics of reaction
of some poly(tetrafluoroethylene-co-vinyl alcohol)

CH3

polymers with toluene 2,4-diisocyanate (TDI),
hexamethylene diisocyanate (HMDI), and isopho-
rone diisocyanate (IPDI) as depicted in Scheme 1.
These reactions are carried out in presence of
triethylamine as the catalyst.

EXPERIMENTAL

Material

Several copolymers of the same chemical nature
were used; the elemental analysis, OH meq of
these copolymers and their structures, are given in
Table I and Schemes 1, 2. These copolymers were
further purified by dissolving in a mixture of 1,2-
dichloroethane/methanol solvent and precipitating
in distilled water. The precipitated polymer was
then dried in a vacuum oven in the presence of
phosphorus pentoxide for about 48 h . Three cross-
linking agents were used: toluene 2,4-diisocyanate
(TDI), isophorone diisocyanate (IPDI), and hexa-

N=C=O O=C=NCH2 (CH 2) 4CH 2N=C=O

N=C=O

a)

(HMDI) CH

3

b) —

	

CFzCF2CH2CH-

OH

—

	

CF2CF2CH2CH2CH2CH-

OH

(IPDI)

(AB-2, AB-10, AB-13)

(AB-5, AB-6, AB-7)

Scheme I. The structure of dilsocyanates (a) and copolymers, AB-7 aid AB-6 (b).
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Table 1 . Eelemental analysis and hydroxy milli-equivalent
of copolymers.

Polymer F C H OH*
(9b} (m0q}

AB-6 TFEIEtNIna 46 .3 37.9 3.9 12.12

AB-7 TFEIEtNina 30 .9 44.2 4.3 9.02

AB-2 TFENa - 40.5 4.9 15 .2

AB-5 TFEIEWIna 34 .5 41 .8 4.3 9.2

AB-10 TFENina - 42.9 4.1 8.6

AB-13 "TFENina - 45.9 4.6 14.0

' Concentration of OH, In milli-equivalent, in 1 .0 g of polymer.

TEE: latrafluoroethylene ; Et ethylene ; Vlne: vinyl acetate; VA: vinyl

alcohol.

methylenediisocyanate (HMDI) which were pro-
vided by Merck and were used without further
purification. The catalyst, triethylamine, was used
as received . Cross-linking reactions were carried
out in dry N,N-dimethylformamide (DMF).

Stoichiometry
The functionalities of the copolymers were deter-
mined with good accuracy by acetic anhydride-
pyridine method [18].

The stoichiometric ratio was calculated dire-
ctly from the number of reactive groups present in
the copolymers.

Sample Preparation
The samples were prepared at constant tempera-
ture under dry nitrogen gas by first dissolving the
polymers in anhydrous DMF at a 25% concentr-
ation by weight, and then, the catalyst was added at
a 1 .5-3 .0% concentrations by weight with respect
to the polymer precursors. The cross-linking agents
were added to the mixtures in stoichiometric
amounts . After mixing the reagents, the solution
was injected into an infra-red cell. The final pro-
ducts were colourless and transparent .

tetrafluoroethylene spacer (50 um) within the
range in order to prevent the strong isocyanate
absorption band from going out of scale . This thin
part also ensured isothermal conditions throughout
the reaction .

OH

OH

	

OH

+

OH

O,=C=N-R-N=C=O

OH OH

+

Measurements
The reaction mixture was injected into an infra-red

	

Scheme IL Reaction of hydroxyl functions and isocyanate

solution cell. The path length was checked by a

	

groups ; network formatlon.
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Figure 1 . Typical IR spectrum showing the gradual decrease of isocyanate absorption.

The kinetics of the addition reaction was
followed by infra-red spectroscopy, and one spec-
trum could he recorded every 30 seconds during
the gelation process. The characteristic isocyanate
absorption band at the wavenumber of 2273 cm- 1
(Figure 1) shows a gradual decrease due to the
consumption of the isocyanate during the gelation
process.

The absorption data can be related to the
extent of reaction according to Beer-Lambert's
law. The reaction conversion was calculated from
the change of the normalized absorbance of the
isocyanate peak as a function of time. For each
experimental point, the following equation defines
the extent of reaction p at a time t of the reaction.

p = (A. — A)/A,

where A, is the NCO peak area of the unreacted

medium and A the peak area corresponding to
subsequent reaction times. The broad peak re-
mains constant during the course of reaction, and
its value was used as an internal standard. In the
same spectrum we observe the evolution of the
C=0 band at 1731 cm- 1 (stretching vibration) and
of the N—H band at 1544 cm –t (deformation
vibration), which are characteristic of a urethane
linkage (Figure 2).

The recorded kinetics of some reacting co-
polymers are shown in Figures 3—5, where the
conversion p was plotted as a function of time t . It
was observed that the reaction is very fast at the
beginning of the reaction, and at longer times the
addition reaction slows down, and finally the extent
of reaction tends towards a limit . From this point
on we can suppose that chain coupling is more and
more difficult . In this study the kinetics of the
addition reaction is followed up to a conversion of

108

	

Iranian Polymer Journal / Volume h Number 2 (1997)



Banihashemi A. et al_

0.53

0.46

0 .39

8 0 .32

2
O

2025.

0 .18

C=O

Figure 2. Typical IR spectrum showing the progressive appearance of the urethane links (with THF as the reaction medium).
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about 90%.

RESULTS AND DISCUSSION

Kinetics in the Pregel Region
In order to predict a simple reaction order, accord-
ing to I.E. Herz and coworkers report [19], let us
consider a two species system that are shown as A
and B. These particles diffuse and upon colliding
form an inert species C. In this system mobility is
an important factor . The latter depends on the
viscosity of the medium. In our system the reaction
between the hydroxyl-containing polymers and di-
isocyanate leads to increasing viscosity . Thus the
diffusion mechanism, which becomes a predomin-
ant factor and determines the kinetics of the
reaction and the diffusion limited process, is
considered for these systems.

This two-species collision process is symboli-
cally presented by :

A+B--C

with k as rate constant. In the mean-field limit
[20-23], the kinetics are described by the simple
rate equations for the concentrations CA(t) of A
particles and CB(t) of B particles at time t:

dCA(t) = dCB(t) _ -kCA(t)CB(t)
dt

	

dt

If the initial concentrations of A and B, at the
beginning of the reaction, were equal i .e .,

CA(0) = CB (0)

the solution of the above differential equation is an
algebraic decay:
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Figure 3. Extent of reaction p versus time t of isoc-15 (0.25
g AB-6, 6 .25 ,41 TEA, 217,41 TDI, T=31-32 . C).

CA(t) = (kt + CA(0)

which is the mean-field prediction for the decay of
concentration of the species A versus time.

Since the only reaction that is carried out at
constant temperature is the reaction of hydroxyl
groups and isocyanate, the variation of the NCO
concentration can be related directly to this
reaction:

R-OH + R'-NCO -1.R-O-CO-NH-R '

The urethane function that is formed is stable, and
this reaction exhibits second-order behaviour acc-
ording to mean-field limit. The plot of 11(1-p)
versus time t for some of reactions are shown in
Figures 6-8. It is observed that the reaction can-
not be described by simple second-order kinetics.

In the presence of a catalyst like triethyl-
amine, the reaction scheme could be shown as
below:

R-OH + R3N —.R-OH	 Nit;

R ' NCO

Figure 4. Extent of reaction p versus time t of isoc-7 (0.25
g AB-6, 12.5 yl TEA, 250 Ftl HMDI, T=31-32 .C).

Thus, as suggested in the mechanism above, the
amine catalyst is not in direct contact with the
isocyanate group. In this scheme, and provided the
respective concentration of NCO and OH groups
are in stoichiometric ratio, the rate equation in the
mean-field limit can be written as follows [24]:

-d	
a
	 CO] = k[NCO] 2[R3N] = k ' [NCO] 2	(1)

The catalyst concentration was included in rate
constant. The solution of eqn (1) is:

[NCO] = (k ' t +	 1	 - 1
[NCO], )

In terms of the extent of reaction p defined as
[NCO]=[NCO],(1-p), eqn (2) can be written:

11(1-p) = k ' [NCO],t + 1

	

(3)

0.8

0 .6
P

0.4

0 .2

20

	

40

	

60

	

80

	

100
Time (min)

Figure 5 . Extent of reaction p versus time t of isoc-37 (0 .25
g AB-6, 6.25 +41 TEA, 317.6 /AI !PDI, T=31-32 ' C).
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Figure 8 . Variation of the ratio 1/(1—p) versus time of
Ism-11 (0.25 g AB-6, 12.5 ACI TEA, 217 /II TDI, T =
31—32 'C).

In this research we have observed second-order
kinetics up to a conversion of 80%.

The slope of the linear part of Figure 6
represents a characteristic time r for the gelation
process.

=
k[RN]NCO].

where, k is rate constant and [R;N] is the catalyst
concentration.

Kinetics in the Postgel Region
The reaction was followed by second-order kinetics
up to about 80% conversion, which represents
approximately the gel point . Above the gel point
the reaction follows a different kinetic behaviour.

The kinetic curves deviate negatively from
the straight line . The principal difficulty encoun-

Figure 7. Variation of the ratio 11(1—p) versus time of isoc-
7 (0.25 g AB-6, 12.5 uI TEA, 250,ul HMDI, T =31—32 .C) .

A
A

a 4
a as

aa~lFbaa

Figure 8. Variation of the ratio 11(1—p) versus time of
Isoc37 (0 .25 g AB-6, 6 .25 ttl TEA, 317.6 pi IPDI, T =
31—32 'C).

tered comes from the strong viscosity increase in
the reaction medium [25] . Changes in the apparent
reaction rate for the reaction of isocyanates with
alcohols were frequently observed by several
authors [26-30].

CONCLUSION

The results obtained in our investigation are in an
excellent agreement with those reported earlier
[19, 29, 30]. Though a reaction that involves a gel-
ling process is rather complex, the kinetics of the
cross-linking reaction can be followed by infra-red
spectroscopy, provided that one of the reacting
groups has a characteristic absorption band. The
extent of reaction can be easily monitored by this
technique. By this method, we have established
that the reaction between hydroxyl groups of co-
polymers and the isocyanate groups of cross-linking
reagents follows second-order kinetics until about
80% conversion (pregel region) . For conversion
above the gel point we observe a negative devi-
ation from the second-order kinetics ; it means that
the reaction rate decreases, and this could be due
to increase in viscosity of the medium.

ACKNOWLEDGEMENTS

The authors wish to express their gratitude to the

20 40

	

60
Time (min)

80 100

Iranian Polymer Journal I Volume 6 Number 2 (1997)

	

111



Cram-linking of some Copolymers of Tetraftuometl ,leve

Research Council of Shiraz University, Shiraz,
I.R.Iran for financial support of this research.

REFERENCES

1. Bayer O., Angew. Chem., 59, 257, 1943.

2. Baker J. W. and Holdsworth J . B., I. Chem Soc., London,

713, 1947.

3. Anzuino E ., firm A., Rossi G. and Polofrizy L., J. Polym.

Sci, Polym. Chem ., 13, 1657, 1975.

4. Case L. and U K. W., J. AppL Poly. Sct, 8, 935, 1964.

5. Aranguren M. L and Williams R. J., Polymer, 27, 425,

1986.
6. Herz J. E., Rempp P . and Borchard W., Adv. Poly. Sci,

26, 1G7, 1978.

7. Herz J . E . and Rempp P ., Angew. MalcromoL, 76177, 373,

1979.

8. Young Y. K. and Eichinger B . E., J. Chem Phys., 80,
3877-3885, 1984.

9. Ako M. and Kennedy J. P., Polym BOIL, 19, 137, 1988.

10. Mark J. E., Adv. Poly. Sci., 44, 1, 1982.

11. Kanaya T. et al., Macromolecules, 28, 3168-3174, 1995.

12. Mal S., Maui P., and Nandi A. Macromolecules, 28,

2371-2376, 1995.

13. Tanigami T., Cho M. H., and Kyu T., Eur. Polym. J., 31,

671-676, 1995.

14. Allard-Breton B., Audenaert M., and Pham Q.T.,

Macromol Chem. Phys., 197, 1651-1660, 1996.

15. Richter B . E. and Macoski C. W., Polym Eng Sci., 18,
1012, 1978.

16. Djomo H., Morin A., Damyanidou M . and Meter G. C.,

Polymer, 24, 65, 1983.

17. Djomo H ., Widmaier J. M., and Meyer G . C., Polymer, 24,

1415, 1983.

18. Tajik H., M .Sc. Thesis, Shiraz University, 1991.

19. Hakiki A., Herz J . E. and Beinert G., Polymer, 33, 4575,

'

	

1992.

20. Toussaint D . and Wilezeke F., J. Chem. Phys., 78, 2642,

1983.

21. Meakin P . and Stanley H. E., J. Phys. (A), 17, L173, 1984.

22, Torney D . C. and Macconnell H. E., J. Chem. Phys., 78,

1441, 1983.

23. Ben-Arraham D . and Render S ., Phys. Rev. (A), 34, 501,
1986.

24. Havlin S., "The Frnctal Approach to Heterogeneous Chemi-

stry" (Ed. D. Aunir), Wiley, Chichester, 1989.

25. Flory P. J ., Principles of Polymer Chemistry" . Cornell Uni-

versity Press. Ithaca, NY, 1963.

26. !in S. R., Widmaier J. M. and Meyer G. C ., Polym.

Common., 29, 26, 1988.

27. Vilesova M. S ., Spasskava N. P ., Lesneuskava L. V.,

Guseva G . N., Israiley L. G. and Zolotarer V. M ., Polym

Scr. USSR, 14, 1883, 1972.

28. Anzuino G., Pirro A., Rossi O. and Friz L. P., J. Polym

Sci., Polym. Chem Edn., 13, 1657, 1975.

29. Dusek K ., Spirlova M. and Havlicek I., Macromolecules

23, 1774, 1990.

30. Eiger C., Molls S . E., Hsu S. L. and Mcknight W., J.

Macromolecules 17, 1830, 1984.

112

	

Iranian Polymer Journal 1 Volume 6 Number 2 (1997)


	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8

