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Summary  
Bis-4-(l',4'-phenylene)-5-phenyl- 1,2,3,5-thiaoxadiazole-l-oxide 1, a blocked bifunctional 
carbodlimide, has been used as a crosslinker for carboxyl functional poly(meth)acrylates. 
The thermolysis ("deblocking") reaction of 1 has been analyzed by FTIK spectroscopy. 
The crosslinking reaction has been simulated by using monofunctional model compounds. 
Intermediate compounds detected were thermally instable N-acylurea's decomposing into 
isocyanates and amides. Also some anhydride formation occurred. The final structure of 
the crosslinked product and th_e rates of crosslinking have been analyzed by FT]~ and 

spectroscopy. Modulus-Mo relations of networks based on carbodiimide compared 
with those based on bisketeneimine indicate thermolysis of crosslinks in the former case. 

Introduction 
In the course of our investigations on novel crosslinking reactions of carboxyl functional 
poly(meth)acrylates (1) we became interested in blocked carbodiimides as crosslinkers. 
Crosslinking with blocked hetero cumulenes is known in the case of polyisocyanates, 
applied in one component coating systems. 
It is known that thermolysis of 4,5-diphenyl-l,2,3,5-thiaoxadiazole-l-oxide 3 yields diphe- 
nylcarbodiimide (2). Analogously, bifimctional 1,2,3,5-thiaoxadiazole-l-oxides yielding 
biftmctional carbodiimides should be able to act as "blocked" crosslinkers for carboxyl 
functional prepolymers. 
Thus we have prepared 1 to study crosslinking reactions with carboxyl functional 
poly(meth)acrylates 2. The monoftmctional analogue 3 was synthesized as a model com- 
pound to simulate the crosslinking reaction, identifying intermediate and end products and 
analysing reaction rates. 

Results and discussion 

Model reactions 
The model thermolysis reaction of 3 in the presence of nonanoic acid 5 is depicted in 
Scheme 1. The thermolysis product dipheuylcarbodiimide 4 reacts further with 5 to the 
thermally instable N-acylurea 7, which dissociates into phenylisocyanate and the amide 8. 
We have followed the reaction sequence from Scheme 1 with 1H and ]SC NMR spectro- 
scopy, putting the reactants 3 and 5 in a dt-DMSO solution in the NMR tube, and recor- 
ding spectra as a function of time at 90 ~ In table 1 representative NMR signals of 3 and 
5 and their reaction products are coUected. In the 1H NMR spectra the appearance of 
typical NH peaks of the N-acylurea 7 at 11.38 ppm, strong at first, declining during the 
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Scheme 1. Thermolysis reaction of  3 in the presence of  5 

reaction and of  the amide 8 at 9.82 ppm, weak at first, increasing during the reaction were 
clearly observed. Diphenylurea 10 also could be identified (NH at 8.68 ppm); 10 could 
result from reaction of  carboxylic acid 5 with iminoester 6 as indicated in Scheme 1. 

Table 1. Representative NMR signals of  compounds 3 and 5 and their reaction ~rodncts 

-__CHACO- 

I H 

11.38 

9.82 

8.68 

-NO 
(,para-H) 

3 

5 

7 

8 

9 

10 

'H  '3C 1H 

7.10 

6.95 

6.95 

2.20 33.70 

2.15 36.75 

2.30 36.51 

2.45 33.95 

-EH~CH~CO- 

13 C 

24.50 

24.12 

25.20 

24.44 

>_c=o 

13 C 

174.40 

176.40 

171.20 

169.50 

>N-CO-N< 

13 C 

151.70 

152.50 

--C-Nh 
I 

13 C 

152.00 



11 

Table 2. Relative concentration of intermediates and products in the thermolysis reaction 
of 3 in the presence of 5 against time. 

20 min (90o) . 40 min (90 ~ 120 rain (90 ~ 120 min (100 ~ 

Acid 5 59% 39% 20% 17% 

N-acylurea 7 28% 38% 23% 3% 

Amide 8 9% 16% 52% 80% 

Anhydride 9 5% 8% 5% -*) 
~) In this experiment the anhydride slowly hydrolysed by the presence of H20 in d6-DMSO 

Corresponding formation of anhydride 9 could also be confirmed: a triplet, coming up at 
2.45 ppm (-CI]~-CO- well distinguishable from the analogous absorptions in the acid 5, 
amide 8 or acylurea 7), its intensity approximately remaining constant after about 20 rain of 
reaction. It should be noted that both diphenylurea 10 and anhydride 9 could also be formed 
from phenylisocyanate and carboxylic acid 5 through an N-earboxyanhydride intermediate, 
which can react with another molecule of 5 to anhydride 9, amine and carbon dioxide (3), 
Formation of intermediate 7, gradually being converted into 8 and formation of 10 was also 
evident from the absorption of the para proton in the structure fragment H-Ck~ ( present in 
7, 8 and 10. Initially two triplets emerged, arising from 7 and 10, at 7.10 and 6.95 ppm 
respectively, but in the final product only a multiplet around 6.95 ppm is left, representing 
the partly overlapping signals of 8 and 10. 
Structure assignments of the reaction intermediates and products was further substantiated 
by 13C NMR (Table 1). These spectra recorded during the model reaction represent the same 
pattern as the :H NMR spectra: 3 and 5 are converted into 8, 9 and 10 as final products. 
The N-acylurea was again identified as an intermediate product. The 13C absorptions at 
152.56 from 3 and at 152.5 from 10 nearly overlapped, however the >C=O absorption of 7 
at 151.7 could be clearly observed during the first stages of the reaction. The 13C data of 7 

and 10 were corroborated by those of auth- 
entic samples prepared from diphenylcarbo- 

1 - diimide and 5 and from phenylisocyanate 
and H20 respectively (3). 
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Fig. 1. Course of the reaction of n-nona- 
noic acid 5 with blocked biscarbodiimide 1 
at + 60 ~ �9 80 ~ and �9 100 ~ 
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Scheme 2. Formation and thermolysis of N-acylurea crosslink structures. 
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From the -CHzCO- 1H absorptions the relative course of the concentrations of intermediate 
and end products could be derived (Table 2). From these data it could be concluded that 
after 2 h at 100 ~ formation of amide 8 from the N-acylurea intermediate 7 has been the 
main reaction (80%), whereas anhydride formation (about 8%) was a side reaction. 
The reaction between the bifimctional blocked carbodiimide 1 and compound 5 (Scheme 2), 
simulating crosslinking is much more complicated. This reaction has been followed by 
FqTK spectroscopy (see fig. 1). The characteristic S=O stretching vibration at 1203 cm q, 
gradually disappearing, has been used to study the rate of thermolysis at various tempera- 
tures. From these graphs it is clear that the reaction needs at least a temperature of about 
100 ~ to go to completion in a reasonable time (5 h). The C=O stretching vibration at 
1735 cm -1 naturally decreased during the reaction, gradually giving way to typical amide 
absorptions at 1594 and 1634 cm 1. At 100~ also the slow rise and subsequent decline of 
small carbodiimide absorptions at 2118 and 2140 cm 1 and of the typical isocyanate peak at 
2270 cm q were observed in the spectrum under the dry conditions used (refluxing dioxane). 
The latter peak was still present in the spectrum after 5 h. 
The =C=N - double bonds are no longer equivalent in the reaction of 1 and 5 and 
consequently three types of addition products (11, 12 and 13) to the various =C=N - bonds 
are formed (Scheme 2). Those should be the crosslink structures in the real network 
together with minor amounts of anhydride. The N-acylurea crosslinks dissociate into 
phenylisocyanate, 1,4-phenylenediisocyanate 16, the amide substituted monoisocyanate 17 
and the corresponding amides 14 and 15. This occurs already at 100~ as is evident from 
the IK and ~ spectra recorded during the model reactions. 
The dissociation into isocyanates 16 and 17 is connected with the breaking of crosslinks. 
Recording FTIR spectra of the crosslinking reaction of a carboxyl functional prepolymer 
with 1 at 120~ again showed the rise and decline of carbodiimide and isocyanate absorp- 
tions (see fig. 2). The disappearance of the isocyanate absorptions could be connected with 
evaporation of phenylisocyanate and 1,4-phenylenediisocyanate, but the isocyanate 17 can 
only disappear by becoming part of the network again or in a reaction with moisture. Theor- 
etically crosslinks could also be restored by the reaction of 16 with COOH groups. 
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Fig. 2. Course of the IR absorption during 
crosslinking of prepolymer with blocked 
biscarbodiimide 1 at 120~ 
A 2270 cm 1, isocyanate; 
O 2118 and 2140 cm 1, carbodiimide. 
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The question remains, what is the effect of the use of biscarbodiimide as crosslinker on the 
crosslinking density in a real network. Therefore, we prepared networks, under exactly the 
same conditions and stoichiometry, from a prepolymer with biscarbodiimide and 
bisketeneimine (1). The network obtained with bisketeneimine as crosslinker does not suffer 
from thermolysis of crosslinks. 
We used the te Nijenhuis' model (4) which relates iVI c , the molar mass between crosslinks, 
with the equilibrium modulus (Young's modulus on the rubber plateau). This model is an 
extension of the statistical model of Flory and Stockmayer (5-9). Flory introduced a 
crosslinking index y, which is defined as the average number of crosslinks per primary 
polymer molecule. The results obtained concerned tetrafunctional crosslinking of a 
monodisperse polymer. In the model of te Nijenhuis results are obtained for f-functional 
crosslinking of polydisperse polymers. Moreover, for various kinds of molecular weight 
distributions relationships were presented (4) between the equilibrium shear modulus of the 
network and the crosslinklng index y, the sol fraction ws (i.e. the weight fraction of primary 
polymer not bound to the network) and the functionality f of the crosslinks. It is assumed 
that the distribution of the prepolymer used in this paper is a so called cumulative Flory dis- 
tribution with M,,/M~>2: 

W(M) = ~ ( e -aM - e -~M ) (1) 

s  ~t = )J(1-c 0 where 1~0 is the value o f l ~  for ct=0 
Parameter ct follows from: 

Mw _ (a-2)  ln(1-a) 

M n 1~ 

(2) 

The relationship between the equilibrium shear modulus and the network parameters reads: 
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z = (1-ws ~ (6) 

Y-w = A(2-cz) - Mw_ 
M~ 

(7) 

I f  ~ and 1~ of the primary polymer are known, then cc can be calculated from Eq.2. 
Subsequently the weight average erosslinking index ~.  can be calculated from the equilib- 
rium shear modulus with an iterative calculation process from Eqs. 3 to 6. Finally, the 
molecular weight between crosslinks can be calculated from the crosslinklng index (Eq.7). 
Complete_reaction of the prepolymer with a stoichiometric amount of crosslinker would 
give a Mo of 1300. However, the Mo calculated from the equilibrium moduli of the 
bisketeneimine and biscarbodiimide networks was 2480 and 5000 g/mol respectively. As the 
networks were prepared under exactly the same conditions and stoichiometry these values 
can be compared. Apparently 50% of the crosslinks in the final network based on 
biscarbodiimide are broken. The maximum amount of primary crosslinks that can be broken 
by thermolysis is, according to Scheme 2, 75%. This means that it is well possible that 
some repair of crosslinks from diisocyanate 16 and/or 17 has occurred. 

Experimental 
NMR spectra were recorded on a Varian VXR-400S or a Bruker AM 400 spectrometer. 
FTIR spectra were recorded on a Mattson Polaris spectrometer. Dynamic mechanical 
analysis in tensile mode was carried out on a Perkin Elmer DMA 7. 

Carboxylfanctional prepolymer was synthesised as described previously (1) Radical copoly- 
merization of 58.5 mol% MMA, 31.3 tool% BuA an_d 10.1 mol% 6-(methacrylamido)- 
hexanoic acid yielded a preeopolymer with M~=16000, M~= 41000, containing, according to 
titration, 0.77 mmol carboxylic acid groups per gram. 

Bis-4-(l',4'-phenylene)-5-phenyl-l,2,3,5-thiaoxadiazole-l-oxide 1, was synthesized according 
to literature (10) as the last step in the following sequence of intermediates: 
terephtalaldehyde dioxime (11); terephtalodi(hydroxamoyI chloride) (11, 12); terephtalo- 
di(nitrile oxide) (13). 

4,5-diphenyl-l,2,3,5-thiaoxadiazole-l-oxide 3, was synthesized according to fiterature (14) 
from benzohydroxamoyl chloride (12). 

Modelreactions of  blocked biscarbodiimide 1 with nonanoic acid 5 were carried out in 
dioxane at various temperatures (60, 80, 100 ~ and the S=O IR absorption at 1203 cm 1 
was monitored against time. 

Modelreactions of  blocked carbodiimide 3 with nonanoic acid 5 were carried out in a 
d6-DMSO solution in an NMR tube and the reaction was monitored at 90 and 100~ by 1H 
and 13C NMR. 

Crosslinking reactions were carried out by casting films of a mixture of precopolymer with 
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0.385 mmol crosslinker, bisketeneimine or compound 1, per gram of prepolymer from tetra- 
hydrofurane solutions, and curing the films in an oven at 130~ for 3 h. The mean value of 
the moduli at the rubber plateau, measured in tensile mode, were respectively E=1.35.106 
and E=0.49.106 N/m z at 175~ . For the calculations of Mo the shear modulus G,=E/3 was 
used. 
A few drops of the THF solution were placed on a KBr pellet. After evaporation of the 
solvent, the pellet was placed in a thermostatically controlled cell, kept at 120~ in the IR 
spectrometer. Then during 5 h every 10 rain an IR spectrum was recorded. 
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