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SYNOPSIS 

The kinetics aspects of the formation of castor-oil-based polyurethane/poly (2-hydroxyethyl 
methacrylate) interpenetrating polymer networks ( IPNs) were studied. The effect of pa- 
rameters such as the polyurethane content, the activator, and acrylic cross-linker on the 
kinetics of formation of IPN networks was examined at room temperature. The formation 
of the individual networks, polyurethane, poly (2-hydroxethyl methacrylate), and their 
IPNs, was studied by measuring the decrease of absorbance of characteristic absorption 
peak of each system using IR spectroscopy. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

Interpenetrating polymer networks ( IPNs ) are 
unique alloys of cross-linked polymers.’ IPNs syn- 
thesized, to date, exhibit varying degrees of phase 
separation depending principally on the miscibility 
of the polymers.2 Several investigators have studied 
the effect of kinetics of curing reactions on the mor- 
phology and properties of I P N s . ~ - ~  It was found, in 
general, that the faster the rates of the respective 
chain extension and cross-linking reactions and the 
closer they are to simultaneity the more homoge- 
neous are the IPNs.~  Other investigations revealed 
that the individual component networks polymerize 
more rapidly in the IPN than alone, presumably due 
to a “solvent effect” or “the Trommsdorff effect.” 
The effect of changing reaction variables, such as 
the NCO/OH ratio, composition, activators, and 
temperature, was used to study reaction kinetics as 
well as the phase morphology by different tech- 
nique~?-’~ We studied the formation kinetics of the 
IPNs formed from castor-oil-based polyurethane 
and poly (2-hydroxyethyl methacrylate) and the in- 
dividual hompolymers a t  room temperature. 

* To whom correspondence should be addressed. 
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EXPERIMENTAL 

Materials 

The materials used in the present study were of an- 
alytical-grade purity. Benzoyl peroxide was recrys- 
tallized from chloroform. 2-Hydroxyethyl methac- 
rylate and ethylene glycol dimethacrylate were freed 
from the stabilizer prior to use. Toluene-2,4-diiso- 
cyanate and dibutyl tin dilaurate from M. Schu- 
chardt, Munich, were used as received. Castor oil 
from the local market was found to contain a hy- 
droxyl value of 165.3, corresponding to 2.75-OH 
groups per mol of castor oil according to the liter- 
ature method.14 

Synthesis of IPNs 

A standard synthesis of IPNs as reported in the 
literature l5 proceeds as follows: A known amount of 
castor oil was mixed with excess toluene-2,4-diiso- 
cyanate (TDI) (NCO/OH = 1.6) a t  room temper- 
ature to produce an isocyanate-terminated polyure- 
thane (PU)  . The PU was mixed with a 2-hydroxy- 
ethyl methacrylate (HEMA) monomer. The mixture 
was stirred vigorously and dibutyl tin dilaurate, 
benzoyl peroxide, and the cross-linker ethylene gly- 
col dimethacrylate (EGDM) were added. It was 
stirred for another 10 min. The mixture was then 
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poured into a glass mold and cured for 36 h at room 
temperature. The cross-linking agent for HEMA was 
EGDM. The molar concentrations of the cross- 
linking agent were 0.0541 and 0.1082 mol L-'. The 
initiator benzoyl peroxide was selected and the molar 
initiator concentration was 4.49 X mol L-' . As 
the catalyst for PU formation, dibutyl tin dilaurate 
was used at concentrations of 2.71 X 3.62 
X lop3, and 4.53 X 

In the kinetic experiments, the above mixture was 
placed between two KBr discs and squeezed to form 
a uniform film. The discs were placed in the chamber 
of the spectrophotometer. 

mol L-'. 

The Infrared Spectroscopy 

The kinetics study was performed at room temper- 
ature using a Perkin-Elmer 983 IR spectrophotom- 
eter. Kinetic curves for individual formation of ho- 
mopolymers and IPN formation were obtained from 
an individual IR spectrum at regular intervals during 
the formation of the networks. 

RESULTS 

The use of the Beer-Lambert law allows the deter- 
mination of the concentration of an absorbing spe- 

- 1.2 

c d >  

cies through absorbance measurements. It can be 
expressed as 

I0 

Z 
A = log - = Ecb 

where A is the absorbance; E , the molar absorptivity 
compound; c ,  the concentration of the absorbing 
medium; and b,  the thickness of the test sample. 
The conversion of a monomer to its polymer may 
be followed by the absorbance measurements if the 
process involves the variation of a characteristic ab- 
sorption peak. The applicability of the Beer-Lam- 
bert law to the present system is examined hereafter. 

Molar Extinction Coefficients for PU and 
PHEMA Networks 

The isocyanate NCO absorption band at 2275 cm-' 
was chosen for monitoring the reaction between 
castor oil and TDI for the polyurethane formation 
and the C=C peak at  970 cm-' for the 
poly (HEMA) (PHEMA) network formation. Nei- 
ther band is overlapping with its neighbor and both 
show a gradual decrease as the respective polymer- 
izations proceed (Fig. 1 ). The Beer-Lambert law is 
followed up to the concentration of reagents indi- 
cated earlier. The variation in the molar extinction 
coefficients with temperature during the formation 

Figure 1 
(b)  the PHEMA system (C  = C )  during network formation. 

Decrease of characteristic peak absorbance for (a )  the PU system (NCO) and 
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of networks is around 0.003 €,/degree according to 
the literature.16 

Determination of the Degree of Monomer 
Conversion 
The measure of C, the concentration of the absorb- 
ing species, through the Beer-Lambert law allows 
the determination of the degree of conversion, DC: 

c, - c 
D C = _  

C O  

where C, is the initial molar concentration, and C, 
the molar concentration at time t for the absorbing 
species. Figure 2 shows the degree of conversion of 
the absorbing species, i.e., the disappearance of the 
isocyanate group, as the function of time t. The re- 
action may be followed until complete conversion 
to PU. Figure 3 shows the degree of conversion vs. 
time, t ,  for the PHEMA network formation. 

DISCUSSION 

The validity and the limits of the determination of 
conversion ratios by absorbance measurements us- 
ing an IR spectrophotometer has already been es- 
tablished in the l i terat~re . l~-~ '  We applied this 
method to the individual castor-oil-based PU and 
PHEMA networks as well as to 60/40 and 40/60 
PU/PHEMA IPNs. 
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Figure 2 Conversion ratio of NCO as a function of time 
by IR in ethyl acetate using dibutyl tin dilaurate concen- 
trations: (0) 2.71 X mol L-'; ( 0 )  3.62 X mol 
L-'; ( A )  4.53 X rnol L-'. 
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Figure 3 Conversion ratio of C = C for molar initiator 
concentration 4.49 x lo-' mol L-' as a function of time 
by IR with EDDM cross-linker concentrations: (0) with- 
out EGDM; ( 0 )  EGDM 0.0541 mol L-'; ( A )  EGDM 
0.01082 rnol L-'. 

Castor-oil-based Polyurethane Network 

The HEMA monomer was replaced by the solvent 
ethyl acetate in order to avoid any accidental po- 
lymerization. The parameters affecting the kinetics 
of the PU network formation from castor oil are the 
catalyst (dibutyl tin dilaurate) , concentration, the 
concentration of isocyanate in ethyl acetate, and the 
temperature, although the temperature was kept 
constant, i.e., a t  room temperature (30°C). The 
NCO/OH ratio was fixed to 1.6. Figure 4 shows the 
influence of the parameters indicated in the indi- 
vidual PU and PHEMA as well as in the 60/40 and 
40/60 PU/PHEMA IPN formations. 

PHEMA Networks 

Some results of the radical polymerization of acrylic 
system (HEMA + EDGM) appear in Figure 3. The 
effect of the cross-linker, EGDM, is to accelerate 
the reaction; the acceleration is very important in 
the entanglements as compared to the formation of 
the linear PHEMA. The presence of dibutyl tin di- 
laurate has an accelerating effect on the copoly- 
merization of acrylic system in the IPN formation. 
Similar observations have been reported in the lit- 
erature.22 
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Figure 4 Conversion ratio for the PU/PHEMA IPN 
formation vs. time: (0) 60/40 PU/PHEMA composition; 
( 0 )  40/60 PU/PHEMA composition. 

PU/PHEMA IPNs 
The two IPNs containing 60 and 40% PU were pre- 
pared and their syntheses were followed up by IR 
(Fig. 4). Similarly, when benzoyl peroxide is added, 
castor oil not only reacts with TDI in the formation 
of the PU network, but also takes part in the free- 
radical polymerization in the presence of the inher- 
ent heat of exothermy of the reaction. These two 
reactions, polycondensation and radical polymer- 
ization, occur simultaneously. The rates increase 
with the cross-linking during the propagation re- 
action. An immediate observation is that both curves 
are identical to those obtained separately for indi- 
vidual PU and PHEMA networks (Figs. 2 and 3 )  .7 
The results and observations of the kinetic studies 
of PU and PHEMA networks during PU/PHEMA 
IPN formations indicated that the elastomeric PU 
acts as a diluent. It allows complete conversion of 
the acrylic monomer system into PHEMA network 
and, thereby, interpenetration causes a high mutual 
dispersion of the phases. As a result, all the domains 
are small enough to allow monomer diffusion toward 
a radical, until complete consumption. This may be 
the Trommsdorff effect that allows complete mono- 
mer-to-polymer conversion preventing phase sepa- 
ration, if any. 

CONCLUSION 

The validity of IR spectroscopy for the study of the 
IPN formations has been established. The results 

obtained on the early stages of the reactions of the 
individual network formation of PU and PHEMA 
as well as the network formation of PU/PHEMA 
IPN suggests that the rate of formation of the IPN 
networks is faster than are the rates of the individual 
network formations. 

REFERENCES 

1. L. H. Sperling, Interpenetrating Polymer Networks and 
Related Materials, Plenum, New York, 1981. 

2. D. Klempner, C. L. Wang, M. Ashtiani, and K. C. 
Frisch, J. Appl. Polm. Sci., 3 2 ,  4197 (1986). 

3. R. E. Touhsaent, D. A. Thomas, and L. H. Sperling, 
J. Polym. Sci., 4 6 c ,  175 (1974). 

4. K. C. Frisch, D. Klempner, and H. L. Frisch, Polym. 
Eng. Sci., 2 2 ,  1143 (1982) .  

5. Yu. Lipatov, V. V. Shilov, Yu. P. Gomza, G. P. Kov- 
ernik, 0. P. Grigoreyeava, and L. M. Sergeyeva, Mak- 
romol. Chem., 1 8 5 ,  347 (1984) .  

6. P. J. Flory, Principles of Polymer Chemistry, Cornell 
University Press, New York, 1953. 

7. L. W. Barrett and L. H. Sperling, Polym. Prepr., 3 3 ,  
948 (1992). 

8. Ma. Song, Z. Jun, L. Yuwei, Z. Donghua, and T. Xinyl, 
in Advances in IPNs, D. Klempner and K. C. Frisch, 
Eds., Technomic Press, Basel, Switzerland, 1990, Vol. 
11, p. 21. 

9. H. Djomo, A. Morin, M. Damyanidu, and G. C. Meyer, 
Polymer, 2 4 ,  65 (1983). 

10. Yu. Lipatov, 0. P. Grigoreyeava, G. P. Kovernik, V. 
V. Shilov, and L. M. Sergeyeva, Makromol. Chem., 
186, 1401 (1985). 

11. H. R. Sheu, M. S. El-Asser, and J. W. Vanderhoff, J. 
Polym. Sci. Chem., 2 8 , 6 2 9  (1990). 

12. F. S. Bates, C. V. Berney, and R. E. Cohen, Macro- 
molecules, 1 6 ,  1101 (1983). 

13. J. H. An, A. M. Fernandez, and L. H. Sperling, Mac- 
romolecules, 20, 1331 (1987). 

14. F. C. Naughton, J. Am. Oil Chem. Soc., 5 1 , 6 5  (1974). 
15. P. Pate1 and B. Suthar, Polymer, 3 1 ,  339 (1990). 
16. G. A. Senich and W. J. MacKnight, Macromolecules, 

17. S. R. Jin, J.  M. Widmaer, andG. C. Meyer, Polymer, 

18. G. C. Meyer, Makromol. Chem. Rapid Commun., 4 ,  

19. S. R. Jin and G. C. Meyer, Polymer, 2 7 ,  592 (1986). 
20. S. R. Jin, J. M. Widmaer, and G. C. Meyer, Polym. 

Commun., 2 9 ,  26 (1988). 
21. H. Djomo, PhD Thesis, University of Strasbourg, 

1982. 
22. J. M. Widmaer and G. C. Meyer, in Advances in IPNs, 

D. Klempner and K. C. Frisch, Eds., Technomic Press, 
Basel, Switzerland, 1990, Vol. I, pp. 155-184. 

1 3 , 1 0 6  (1980). 

2 9 , 3 4 6  (1988). 

221 (1983) .  

Received December 5, 1993 
Accepted December 5, 1993 


