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ABSTRACT A series of MDI-polyisocyanurate resins were prepared under a variety of reaction condi- 
tions from 4,4'-methylenebis(pheny1isocyanate) (MDI) and from 1Wenriched MDI, using stannous octoate 
as catalyst. The formation of cross-links via isocyanurate ring formation and the fate of the unreacted iso- 
cyanate were monitored by both *3C and 15N CP/MAS NMR methods, and an optimal cure temperature 
of ca. 120 "C was determined for this particular system. Urea linkages and other less predominant struc- 
tures such as amine, biuret, and uretidione were clearly identified by 15N CP/MAS. The ability of 15N 
CP/MAS to yield quantitative results on the extent of cross-linking is demonstrated. l5N CP/MAS proves 
to be a powerful technique for structure elucidation in these complex macromolecular systems. 

Introduction 
4,4'-Methylenebis(pheny1 isocyanate) (MDI) is a difunc- 

tional monomer with widespread use in the foam, adhe- 
sive, construction, and related indu~tries.'-~ Because of 
the reactivity of the isocyanate functional group, sys- 
tems based on MDI are amenable to many potential chem- 
ical modifications, resulting in a wide variety of physi- 
cal, mechanical and/or chemical characteristics. The mod- 
ification of polyurethanes with isocyanurate cross-links 
to produce materials with enhanced thermal and dimen- 
sional stabilities has been known for some and 
continues to be an active area of in~est igat ion.~- '~  This 
paper addresses the study of the isocyanurate linkage 
directly by examining MDI-based resin systems tailored 
with a high density of isocyanurate cross-links. Charac- 
terization of the isocyanurate linkages and elucidation 
of the curing behavior leading to their formation should 
prove to be a useful foundation for future investigations 
of systems containing such linkages. The NMR results 
presented here emphasize chemical structural patterns, 
trends, and relationships and are not meant to correlate 
directly with physical properties or commercial prod- 
ucts. Indeed, the resin systems prepared for this study 
bear little resemblance to commercial products of which 
we are aware and were prepared for the purpose of mak- 
ing possible the exploration of a diverse array of chemi- 
cal structures in relation to NMR measurements. I t  is 
hoped that this study will be helpful in designing exper- 
iments aimed more directly a t  materials with technolog- 
ically useful physical/mechanical properties. 

Solid-state CP/MAS NMR13-15 is ideally suited for 
studying cured resins,16-20 such as those of this study, 
with limited solubility. Dissolution of such materials might 
remove the fundamental physical, mechanical, and/or 
chemical properties associated with the important char- 
acteristics of the solid matrix. Since it is these types of 
properties that are often of primary interest in these mate- 
rials, the use of a nondestructive solid-state technique 
like CP/MAS NMR is indicated. Very little NMR char- 
acterization of isocyanurate-based systems has been car- 
ried out,21 and no solid-state investigations have been 
reported. 

The Lewis acid catalyzed polymerization of isocy- 
anates allows for the formation of several p r o d ~ c t s . ~ ~ - ~ ~  
In the initiation a suitable Lewis acid, such as 
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stannous octoate (MX2), attacks the isocyanate group, 
generating a metal-ether complex containing an acti- 
vated carbon center. Nucleophilic attack of isocyanate 
on this activated center generates another activated site 
(carbonyl) for further nucleophilic attack by more isocy- 
anate. Finally, expulsion of catalyst results in ring clo- 
sure, yielding the isocyanurate cross-link (Scheme I). In 
addition to formation of isocyanurate linkages, forma- 
tion of biuret linkages can also occur (Scheme 11). In 
this case, water acts as a nucleophile, attacking the acti- 
vated carbonyl of an isocyanate. Loss of COP and cata- 
lyst yields the biuret, which characteristically contains 
amide and imide nitrogens. Since MDI is a difunctional 
monomer, branching can occur from any available isocy- 
anate, leading to a highly cross-linked, insoluble resin. 

In addition to  the catalytic pathways outlined in 
Schemes I and 11, unreacted isocyanate functionalities 
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baaed polymeric samples were spun at 3.0 kHz, using bullet- 
type spinners, and the magic angle was again set by using the 
KBr method. Model compounds for 15N natural-abundance mea- 
surements were studied at a MAS speed of 3.0 kHz, using a 
large-volume MAS assembly;27 the magic angle was set by using 
the KBr method. Pertinent experimental conditions for obtain- 
ing the spectra of the model compounds are given in Table I. 

Proton-decoupled liquid-solution 13C and 15N spectra were 
obtained on a Bruker AM-500 spectrometer at a carbon fre- 
quency of 125.8 MHz and a nitrogen frequency of 50.7 MHz. 
All 13C spectra were referenced externally to tetramethylsilane 
at 0 ppm and all 16N spectra to liquid NH3, also at 0 ppm. 

Samples, 4,4'-Methylenebis(pheny1 isocyanate) (MDI) was 
obtained from Eastman Kodak Co. and was purified by distil- 
lation through a Vigreux column at reduced pressure (142-145 
O C  at 0.15 Torr). 15N-Enriched MDI (99.8% doubly labeled) 
was obtained from MSD Isotopes and was used without fur- 
ther purification to prevent loss of starting material. This pos- 
sible difference in the integrities of the unlabeled and labeled 
MDI samples may be responsible for small differences in chem- 
ical behaviors noted in the next section. The catalyst, stan- 
nous octoate, was obtained from Sigma Chemical Co. and used 
without further purification. MDI-polyisocyanurate resins were 
prepared by adding 0.5% catalyst (by weight) t o  the diisocy- 
anate and heating under a nitrogen atmosphere with stirring at 
various temperatures for various lengths of time. 

Results and Discussion 
Certain peaks in the 13C and 15N CP/MAS NMR spec- 

t ra  obtained in this study were assigned on the basis of 
comparisons with liquid-solution NMR data from the lit- 
erature. When no liquid-state data were available in the 
literature, model compounds were synthesized and exam- 
ined by 13C and l5N solution-state and, in some cases, 
solid-state NMR methods. Pertinent 13C and l5N chem- 
ical shifts and associated structures are summarized in 
Table I. One can note that, almost without exception, 
the solid-state and liquid-solution chemical shifts are within 
ca. f 1 ppm of each other for the model compounds exam- 
ined by both methods. 

Shown in Figure 1 is the static-field dependence of the 
13C CP/MAS spectra of a MDI-polyisocyanurate resin 
cured with stannous octoate a t  120 "C for 2 h. The broad- 
ening influence of the 14N nucleus on 13C resonances of 
nearby carbons has been well d ~ c u m e n t e d . ~ ~ - ~ O  The res- 
onances of 13C nuclei that are located near 14N nuclei 
are broadened by a combination of the 13C-14N dipolar 
interaction and the 14N quadrupole effect; the combined 
effect decreases with increasing field strength. The iso- 
cyanurate carbonyl resonance a t  150 ppm is barely dis- 
cernible as a shoulder in the 22.6-MHz spectrum in Fig- 
ure 1. At 37.5 MHz, the resonance is somewhat resolved, 
with increased resolution obtained a t  50.3 and 90.5 MHz. 
The resolution of the isocyanurate resonance is good a t  
90.5 MHz, but the spectrum shown in severely compli- 
cated by the presence of spinning sidebands (MAS speed 
= 3.2 kHz). Sideband suppression techniques were not 
employed because of our desire to avoid intensity distor- 
tions and artifactsS3l Although MAS speeds in excess of 
12 kHz, the speed required to remove the spinning side- 
bands effectively from these 13C spectra a t  90.5 MHz, 
are routinely employed for other purposes in this labo- 
ratory, this method also was not employed because of 
the uncertainties associated with the cross-polarization 
dynamics at these high spinning f r e q ~ e n c i e s . ~ ~  For these 
reasons, the I3C solid-state NMR investigations on the 
MDI-polyisocyanurate systems of this study were car- 
ried out a t  the compromise field of 4.7 T (50.3 MHz for 
carbon). 

The extent of cross-linking in these MDI-polyisocy- 
anurate resin systems might be estimated by comparing 
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can react in the absence of catalyst with compounds that 
contain active hydrogens. Hence, samples that are left 
unprotected from air after the initial cure period should 
readily react with water vapor, producing urea linkages. 
A free isocyanate reacts with water to form a carbamic 
acid, which loses CO2 to form the free amine. The amine, 
once formed, quickly reacts with the excess isocyanate 
to form a urea structure22 (Scheme 111). Isocyanate can 
then react with urea linkages via their active hydrogen 
atoms, resulting in the formation of biuret linkageszz 
(Scheme IV). 

The various types of chemistry outlined in these reac- 
tion schemes are conveniently amenable individually to 
investigation by specific solid-state NMR techniques. Iden- 
tifying pertinent chemical structures by solid-state NMR 
and determining the conditions that favor isocyanurate 
ring formation and the extents of the various competing 
species are the focus of this paper. 

Experimental Section 
NMR Measurements. 13C CP/MAS spectra were obtained 

a t  50.3 MHz on a modified wide-bore Nicolet NT-200 spectrom- 
eter. The l3C NMR parameters used to accumulate the spec- 
tra shown in this paper were, unless otherwise indicated, a 4-ms 
contact time and a 6-s repetition time. Samples were spun at 
6.5 kHz, using Chemagnetics' zirconia bullet spinners;z5 the magic 
angle was adjusted to within 0.lo by using the 79Br spectrum 
of KBr placed in a spinner.26 

15N CP/MAS spectra were obtained at 20.3 MHz on the same 
modified NT-200 spectrometer. The NMR parameters used to 
accumulate the spectra shown here were, unless otherwise indi- 
cated, a 6-ms contact time and a 6-s repetition time. MDI- 
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Figure 1. Effect of static magnetic field strength on the l3C 
CP/MAS spectra (CP contact time = T = 4 ms) of MDI-poly- 
isocyanurate cured with stannous octoate for 2 h at 120 "C. 
The 13C Larmor frequency is indicated on the right side of each 
spectrum. The arrow indicates the position of the isocyanu- 
rate carbonyl resonance. Asterisks indicate positions of spin- 
ning sidebands. 
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Figure 2. 50.3-MHz 13C CPIMAS spectra (7 = 4 ms) of MDI- 
polyisocyanurate resins prepared at different temperatures. The 
spectra were expanded to show the pertinent chemical shift range, 
excluding the methylene carbon resonance at 41 ppm. Arrows 
indicate specific spectral regions referred to in the text. 
the intensities of 13C CP/MAS resonances due to the iso- 
cyanurate ring carbonyl carbons and the unreacted iso- 
cyanate carbonyl carbons. In order to establish the use- 
fulness of 13C and 15N CP/MAS as potentially quantita- 
tive techniques for this kind of purpose, a detailed set 
of pertinent 13C and 15N relaxation experiments was car- 
ried out on three 15N-enriched MDI-polyisocyanurate res- 
ins prepared a t  different cure temperatures. The 15N 
results will be discussed in a later section. 

Referring to the 13C chemical shifts in Table I, one 
sees that the isocyanurate carbons give rise to a reso- 
nance centered a t  ca. 150 ppm, and the region centered 
about 125 ppm is due to both isocyanate carbonyl car- 
bons and aromatic carbons ortho to an isocyanate func- 
ti0nality.~3 Therefore, the estimation of percent cross- 
linking based on measuring relative intensities of reso- 
nances due to isocyanurate carbonyl carbons and unreacted 
isocyanate carbonyl resonances by 13C CP/MAS is not 
straightforward, since one of the spectral regions of inter- 
est contains contributions from at least two types of car- 
bon sites (which may manifest different relaxation behav- 

iors). As a result, the 13C CP/MAS results are discussed 
here only in a qualitatiue manner, and the quantitative 
treatment is reserved for the 15N CP/MAS results. 

The 50.3-MHz I3C CP/MAS spectra of some MDI- 
polyisocyanurate resins are shown as a function of cure 
temperature in Figure 2. The spectra have been pre- 
sented to show the entire chemical shift range relevant 
to this system, except for the methylene carbon reso- 
nance at  41 ppm. The complex spectra shown in Figure 
2 are characterized by five resonances or spectral regions 
arising from the following types of carbon structural sit- 
uations: a shoulder at  125 ppm due to isocyanate car- 
bonyl carbons and aromatic carbons ortho to an isocy- 
anate functionality; the predominant resonance at  130 
ppm due to various hydrogen-bearing aromatic carbons; 
the region centered about 138 ppm due to benzyl- 
substituted aromatic carbons para to an isocyanate func- 
tionality: the region centered about 143 ppm due to benzyl- 
substituted aromatic carbons para to an isocyanurate moi- 
ety; and a resonance at  150 ppm due to the isocyanurate 
carbonyl carbons. The following qualitative observa- 
tions can be made upon inspection of these spectra. First, 
the shoulder at  125 ppm due to unreacted isocyanate car- 
bonyl carbons and aromatic carbons ortho to isocyanate 
substituents appears to be most predominant in the spec- 
tra of samples prepared at  the cure temperatures of 100 
and 160 "C (see the arrow on the right in Figure 2) and 
reaches a minimum relative intensity at  a cure temper- 
ature of 120 "C. Second, resolution of the benzyl-sub- 
stituted aromatic carbons para to isocyanurate moieties 
(143 ppm) is best at  the 100 and 120 OC cure tempera- 
tures. Third, the isocyanurate carbonyl resonance a t  150 
ppm appears to have its largest relative intensity a t  the 
100 and 120 "C cure temperatures. From these data, one 
could tentatively conclude that for these particular reac- 
tion conditions, isocyanurate formation is most favored 
at  100-120 "C. However, the spectra shown in Figure 2 
are complex, with isocyanate carbonyl resonances over- 
lapping with the resonances of various aromatic carbons 
and with other unresolvable resonances that certainly exist 
in the broad and relatively featureless spectral region 
between 120 and 145 ppm. 

To help identify some of the structures responsible for 
the 120-145 ppm region, dipolar-dephasing (interrupted 
dec0upling)3~ experiments were carried out on each of 
the samples represented in Figure 2. In these experi- 
ments, a delay period of 70 p s  was inserted between the 
CP contact period and the beginning of data acquisition, 
during which the lH decoupler is turned off and 13C mag- 
netization due to 13C's that have strong dipolar interac- 
tions with protons is attenuated by l3C--lH dipolar dephas- 
ing. As a result, the 13C signal intensity persists for car- 
bons that do not bear hydrogens and methyl carbons (for 
which 13C-1H dipolar interactions are strongly attenu- 
ated by rapid rotation), while signal intensities from meth- 
ylene and methine carbons are dramatically reduced. How- 
ever, since the dipolar-dephasing experiment relies on 
the largely incoherent 13C spin behavior under W-1H 
and lH-'H dipolar interactions, the resulting intensities 
of the spectrum, especially when overlapping resonances 
are present, cannot be treated in a quantitative manner. 
Individual carbons that bear hydrogens can dephase to 
different extents because of differing strengths of the 
l3C--lH dipolar interactions and differing rates of 'H-lH 
flip flops. Results from these experiments are shown in 
Figure 3. Clearly, some of the resonances are more clearly 
resolved than in the "standard spectra" (without dipolar 
dephasing), with a t  least five separate resonances clearly 
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Table I 
Struc tures  and  Kev NMR Data on Model ComDoundsP 

carbon or 13C chem 15N chem 
prototype structure nitrogen shift, ppm shift, ppm descriptionb 

CHz 
1 

2 3  

~ N e C H 2 e N C 0  2 

4 l C  
138 
130 (190)d 
12s (126) 
132 
125 (125) 

methylene carbons 
methylene-substituted para carbons 
unsubstituted meta carbons 
unsubstituted ortho carbons 
isocyanate-substituted carbons 
isocyanate carbonyl carbons 
isocyanate nitrogens 

MDI 3 
4 
co 
N 46* (46)f 

CH* 
1 
2 
3 
4 
N 

41P 
130 
129 
114 
146 

methylene carbons 
methylene-substituted para carbons 
unsubstituted meta carbons 
unsubstituted ortho carbons 
amino-substituted carbons 
amino nitrogens 

nitrogen-substituted carbons 
unsubstituted ortho carbons 
unsubstituted meta carbons 
unsubstituted para carbons 
uretidione carbonyl carbons 
uretidione nitrogens 

M DA 

0 1 135'J (136)k 
117 (117) 
129 (130) 
125 (124) 
1.51 (151) 

2 
3 
4 
CO 

145' 0 N 

0 1 

phenyluretidione 

134IJ 
117 
130 
132 
21 

151 

nitrogen-substituted carbons 
unsubstituted ortho carbons 
unsubstituted meta carbons 
methyl-substituted para carbons 
methyl carbons 
uretidione carbonyl carbons 
uretidione nitrogens 

nitrogen-substituted carbons 
unsubstituted ortho carbons 
unsubstituted meta carbons 
unsubstituted para carbons 
isocyanurate carbonyl carbons 
isocyanurate nitrogens 

!! 2 
3 
4 
CH3 co .. 0 

145' (145)' N p - tolyluretidione 

1 
2 
3 
4 
co 
N 

134"'1" (133)" 
128 (129) 
129 (129) 
129 (129) 
149 (150) 

149" 

phenylisocyanurale 

1 
2 
3 

134"s" (133)p 
130 (130) 
130 (130) 
139 (138) 

21 (22) 
150 (149) 

nitrogen-substituted carbons 
unsubstituted ortho carbons 
unsubstituted meta carbons 
methyl-substituted para carbons 
methyl carbons 
isocyanurate carbonyl carbons 

149" (149)s isocyanurate nitrogens 

4 

CH3 co 
N Q 

CH, 
p - tdylisocyanurate 

1 
2 
3 
4 
co 
N 

140'~~ (139)' 
118 
129 (130) 
122 
153 (156) 

nitrogen-substituted carbons 
unsubstituted ortho carbons 
unsubstituted meta carbons 
unsubstituted para carbons 
urea carbonyl carbons 

106s (106)" urea nitrogens 

phenylurea 

1 
2 

137's" 
118 
129 
131 
20 

153 

nitrogen-substituted carbons 
unsubstituted ortho carbons 
unsubstituted meta carbons 
methyl-substituted para carbons 
methyl carbons 
urea carbonyl carbons 
urea nitrogens 

3 
4 
CH3 co 
N 

p - tolylurea 

107" 
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Table I (Continued) 
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~ ~~ 

carbon or 13C chem 
prototype structure nitrogen shift, ppm 

4' 

phenylbiuret 

1 
2 
3 
4 
1' 
2' 
3' 
4' 
co 
NH 
N 

139u.w 
122 
130 
125 
138 
131 
131 
130 
155 

*5N chem 
shift, ppm description* 

amide-substituted carbons 
unsubstituted ortho (to NH) carbons 
unsubstituted meta (to NH) carbons 
unsubstituted para (to NH) carbons 
imide-substituted carbons 
unsubstituted ortho (to N) carbons 
unsubstituted meta (to N) carbons 
unsubstituted para (to N) carbons 
carbonyl carbons 

116w amide nitrogens 
143 imide nitrogens 

0 0  2 3  1 14Ou." (141)' amide-substituted carbons 
2 122 (120) unsubstituted ortho (to NH) carbons 

H , c - @ H - - Q - - N - - 8 - N H G G H a  3 130 (131) unsubstituted meta (to NH) carbons 
4 134 (134) methyl-substituted para (to NH) carbons 
CH3 21 (21) para methyl (to NH) carbons 
1' 137 (136) imide-substituted carbons 
2' 131 (132) unsubstituted ortho (to N) carbons 
3' 131 (132) unsubstituted meta (to N) carbons 
4' 135 (136) methyl-substituted para (to N) carbons 
CHS' 20 (21) para methyl (to N) carbons 
co 155 (155) carbonyl carbons 
NH 114" amide nitrogens 
N 143 imide nitrogens 

$:: 
4' 

CH,' 
p - tolybiuret 

a Parentheses indicate chemical shifts obtained from 13C and 15N CP/MAS or single-pulse MAS experiments. Ortho, meta, and para 
designations are relative to  the nitrogen-substituted carbon. c Delides, C.; Pethrick, R. A.; Cunliffe, A. V.; Klein, P. G. Polymer 1981, 22, 
1205. 37.5-MHz 13C single-pulse MAS experiment, repetition delay = t d  = 55 s. e Sibi, M. P.; Lichter, R. L. J .  Org. Chem. 1979, 44, 3017. 
f CP contact time = T = 6 ms; repetition delay = t d  = 30 s. g 1.5 g in 8 mL of dimethyl sulfoxide. T = 1 ms; t d  = 200 s. Prepared as in: 
Raiford, L. c. ;  Freyermuth, H. B. J .  Org. Chem. 1943, 8, 230. j 0.5 g in 10 mL of benzene. Pre- 
pared as in ref 4. n 1.0 g in 8 mL of acetone. 0 T = 3 ms; t d  = 30 s. p r = 3 ms; t d  = 30 s. r = 6 ms; t d  = 10 s. r Prepared as in ref 36. 1.0 g in 
8 mL of dimethyl sulfoxide. T = 3 ms; t d  = 30 s. 37.5-MHz l3C 
CP/MAS experiment, T = 1.5 ms; t d  = 10 s. 

T = 3 ms; t d  = 30 s. T = 6 ms; t d  = 30 s. 

T = 1 ms; t d  = 100 s. " Prepared as in ref 40. 0.5 g in 8 mL of acetone. 
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Figure 3. 50.3-MHz 13C CP/MAS interrupted-decoupling spec- 
t ra  ( T  = 4 ms, interrupt time = 70 ps) of the MDI-polyisocy- 
anurate resins represented in Figure 2. 

distinguished in the samples cured at 100 and 120 "C. 
Close examina t ion  of these five spectra reveals severa l  
distinct differences. Since the in t e r rup ted -decoup l ing  
expe r imen t  should d rama t i ca l ly  r educe  the signal at 1 2 5  
p p m  due to a romat i c  carbons o r t h o  to an isocyanate  sub -  
s t i t uen t ,  the signal intensi ty  remain ing  at  125  p p m  should  
b e  pr imar i ly  assoc ia ted  wi th  the i socyanate  carbonyl  car- 
bon. Qualitatively,  the relat ive amount of un reac ted  iso- 
cyana te  appears to b e  g rea t e s t  for the cu re  t empera tu res  
of 100 and 160 "C, while the cor responding  13C i n t ens i ty  

4 , / I ,  , , , , , , , , , , , , , , , 

160 140 120 100 PPM 

Figure 4. 50.3-MHz 13C CP/MAS interrupted-decoupling spec- 
tra (7 = 4 ms, interrupt time = 70 ps) of (a) MDI-polyisocy- 
anurate cured a t  80 "C, (b) the MDI-based polyurea, and (c) 
the MDI-based biuret resin. The  dashed line indicates a spec- 
tral region discussed in the text. 

is lowest at  120 "C. In add i t ion ,  the relat ive intensity of 
the i socyanura te  carbonyl resonance (150 p p m )  in Fig- 
u re  3 appears to increase with increas ing  cure tempera- 
ture up to 120 "C.  At cure temperatures above 120 "C, 
the re l a t ive  i n t e n s i t y  of the isocyanurate resonance 
decreases  wi th  increas ing  cure t e m p e r a t u r e .  Qua l i t a -  
tively, i t  a p p e a r s  f rom the spectra shown in  F igure  3 that 
isocyanurate format ion  is most favored at  ca. 120  "C under 
these  par t icu lar  reac t ion  conditions.  

Subs tan t ia l  spectral  intensity exists i n  the spectral region 
cor responding  to lower sh ie ld ing  than the i socyanura te  
carbonyl  resonance  (150 p p m )  for  the MDI-polyisocya- 
n u r a t e  resin cu red  at 80 "C (shown in F igure  3; see the 
arrow). T h r e e  different  l inkages c a n  give rise to spec- 
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tral intensity in this region, Table I shows that the 13C 
chemical shift of the amide and imide carbonyl carbons 
of a MDI-biuret type network is 155 ppm, while the I3C 
chemical shift of MDI-based urea linkages is 156 ppm. 
The 50.3-MHz 13C CP/MAS interrupted-decoupling results 
for the MDI-polyisocyanurate resin cured at  80 "C, the 
MDI-based polyurea polymer,:j5 and the MDI-based biuret 
resin13G are shown in Figure 4. Both the interrupted-de- 
coupling spectra of the MDI-based polyurea and the MDI- 
based biuret resin have spectral intensity centered about 
155 and 137 ppm. When these spectra are compared to 
the interrupted-decoupling spectrum obtained for the 
MDI-polyisocyanurate resin cured a t  80 "C, it becomes 
clear that distinguishing these various linkages on the 
basis of the 13C chemical shift alone is highly problem- 
atic. Schemes I-IV imply that all three linkages should 
be possible, depending on the reaction conditions. 
Although the 13C CP/MAS interrupted-decoupling results 
for the MDI-polyisocyanurate resin cured at  80 "C pre- 
sented in Figures 3 and 4 indicate the presence of some 
other chemical species besides isocyanurate moieties and 
unreacted isocyanate, the unambiguous identification of 
this additional species is at  this point impossible. 

The relative intensity of the isocyanate carbonyl reso- 
nance (125 ppm) appears to be smaller for the MDI- 
polyisocyanurate cured at  80 "C compared with the MDI- 
polyisocyanurate cured at  100 "C in Figure 3. The for- 
mation of either biuret or urea linkages, indicated by the 
increased spectral intensity centered about 155 ppm for 
the sample cured at 80 "C, can occur according to Schemes 
11-11'. Thus, at the lowest cure temperature of 80 "C, 
the data presented here would suggest that the forma- 
tion of biuret and/or urea linkages is competitive with 
isocyanurate formation and that the combination of these 
pathways results in an increased consumption of isocy- 
anate, relative to the case of the MDI-polyisocyanurate 
cured at 100 "C, where the formation of biuret and/or 
urea linkages is not prevalent. 

The resonance at  143 ppm, which appears as a shoul- 
der in the spectra of Figure 3 for the samples cured at  
80, 140, and 160 "C, is more clearly resolved in the spec- 
tra corresponding to the samples cured at  100 and 120 
"C. Table I shows that methyl-substituted aromatic car- 
bons para to an isocyanurate nitrogen have a chemical 
shift of 139 ppm. Additivity r ~ l e s ~ ~ j ~ ~  can be invoked to 
predict a chemical shift of 142 ppm for a benzyl-substi- 
tuted carbon positioned para to the isocyanurate nitro- 
gen. Therefore, the resonance at 143 ppm corresponds 
to a benzyl-substituted aromatic carbon para to an iso- 
cyanurate nitrogen. Also, note from Figure 3 that the 
spectral intensity in the region centered at  138 ppm (ben- 
zyl-substituted aromatic carbon para to an isocyanate moi- 
ety) appears larger for the higher cure temperatures of 
140 and 160 "C, while the relative amount of isocyanu- 
rate (150 ppm) is correspondingly smaller. 

While the apparent increase in spectral intensity in 
the 137 ppm region for the MDI-polyisocyanurate cured 
at  80 "C can be rationalized by the substantial forma- 
tion of amide, imide, and/or urea linkages (see Table I 
for nitrogen-substituted aromatic carbon chemical shifts), 
no such argument exists for the samples cured at 140 
and 160 "C. Since little spectral intensity is seen a t  lower 
shielding than 150 ppm in the spectra of the samples 
prepared at  these higher cure temperatures (Figures 2 
and 3), it seems unlikely that a significant number of 
urea, amide, or imide linkages exists in these resin sys- 
tems, as the carbonyl resonances of these linkages are 
expected to occur at ca. 155 ppm. However, Table I shows 
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Figure 5. 50.3-MHz 13C CP/MAS spectra (T  = 4 ms) of MDI- 
polyisocyanurate resins prepared at 120 "C as a function of cure 
time. 

that the resonance attributed to methylene-substituted 
carbons with para isocyanate functionalities is found at  
138 ppm. Close examination of this spectral region in 
Figure 3 for the MDI-polyisocyanurate resins cured at  
120, 140, and 160 "C shows a distinct increase in spec- 
tral intensity for this region as the cure temperature of 
these samples is increased. The intensity of the reso- 
nance of the unreacted isocyanate group itself (125 ppm) 
in Figure 3 also appears to increase as the cure temper- 
ature is increased for the samples cured a t  120, 140, and 
160 "C. Although isocyanurate formation is known to 
be favored a t  higher temperatures,22 this data set would 
suggest that, under the reaction conditions specified, there 
exists an optimal curing temperature near 120 "C for iso- 
cyanurate formation; above this temperature, the net for- 
mation of isocyanurate moieties is diminished. 

Since the decomposition temperature of the stannous 
octoate is known to be above 160 0C,39 one can rule out 
catalyst decomposition as an explanation for the decreased 
isocyanurate formation at  the higher cure temperatures. 
Also, from t.he increase in relative intensity of unreacted 
isocyanate carbons a t  higher cure temperatures, com- 
pared with lower cure temperatures, decomposition of 
the isocyanate itself can be ruled out as an explanation 
for decreased isocyanurate formation. However, it is pos- 
sible that the catalytic activity of the stannous octoate 
is decreased at  these higher temperatures.8 

The extent to which isocyanurate formation could be 
enhanced by optimizing the cure time was investigated 
by increasing the cure time under conditions of "opti- 
mal" cure temperature. The 120 "C cure temperature 
was chosen for this purpose, because it appears to yield 
the highest relative amount of isocyanurate in Figures 2 
and 3. Figure 5 shows the 50.3-MHz 13C CP/MAS spec- 
tra of four samples cured a t  120 "C for different periods. 
Qualitatively, the only change in these spectra from the 
shortest to the longest cure time is the decrease in spec- 
tral intensity in the region between 138 and 140 ppm, 
which corresponds to benzyl-substituted aromatic car- 
bons with isocyanate functionalities para to them. This 
decrease becomes more obvious in the interrupted- 
decoupling results shown in Figure 6. Clearly, intensity 
in the region between 138 and 140 ppm (see the middle 
arrow) is decreased as the cure time is increased. In addi- 
tion, the relative intensities of the resonances a t  150 ppm 
(left arrow) and 143 ppm are seen to increase with increas- 
ing cure time. The relative intensity of the unreacted 
isocyanate (right arrow) does not appear to vary signifi- 



Macromolecules, Vol. 23, No. 12, 1990 

I ' ~ " ' ' ' ~ " ~ ' ' ' ~ ' '  

160 140 120 100 PPM 
Figure 6. 50.3-MHz 13C CP/MAS interrupted-decoupling spec- 
tra (I = 4 ms, interrupt time = 70 M S )  of MDI-polyisocyanu- 
rate resins prepared at 120 "C as a function of cure time. 
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Figure 7. 50.3-MHz 13C CP/MAS spectra ( T  = 4 ms) of three 
'5N-enriched MDI-polyisocyanurate resins prepared at differ- 
ent cure temperatures. 

cantly, but does appear lowest for the sample cured for 
24 h. 

Although the 13C CP/MAS interrupted-decoupling spec- 
tra of the various MDI-polyisocyanurate systems reveal 
certain valuable qualitative patterns, a true estimate of 
the amount of isocyanurate formed or the amount of unre- 
acted isocyanate remaining is made difficult because of 
two issues. These are (1) the largely qualitative nature 
of the interrupted-decoupling experiment and (2) the rel- 
atively complex nature of the 13C spectra, with overlap- 
ping resonances. 

Three MDI-polyisocyanurate resins were prepared from 
15N-enriched MDI (99.8% doubly labeled) a t  different 
cure temperatures. Figure 7 shows the most relevant region 
of the 50.3-MHz 13C CP/MAS results for samples cured 
a t  100, 120, and 160 "C. Comparing these spectra with 
the 13C CP/MAS results in Figures 2 and 5 for MDI- 
polyisocyanurate resins prepared from MDI containing 
14N (and 15N) in natural abundance, one sees that some 
of the resonances (especially the isocyanurate carbonyl 
resonance at  150 ppm) are marginally more clearly re- 
solved in the spectra of 15N-enriched samples. The 13C 
line widths of those 13C atoms directly attached to nitro- 
gen might be expected to decrease upon isotopic substi- 
tution of 14N with 15N, since the quadrupolar/dipolar 
broadening influences due to 14N are removed. 

Figure 8 shows the 50.3-MHz 13C CP/MAS interrupt- 
ed-decoupling spectra of t h e  15N-enriched MDI- 
polyisocyanurate resins prepared at  three temperatures. 
The relative peak areas in deconvolutions of these spec- 
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Figure 8. 50.3-MHz 13C CP/MAS interrupted-decoupling spec- 
tra ( T  = 4 ms, interrupt time = 70 ks) of three 15N-enriched 
MDI-polyisocyanurate resins prepared at different cure tem- 
peratures. 

tra indicate that the amount of isocyanurate (150 ppm) 
formed is largest for the sample cured a t  120 "C, fol- 
lowed in order by the samples cured a t  160 and 100 "C, 
respectively. Similarly, the resonance centered a t  143 
ppm, corresponding to benzyl-substituted aromatic car- 
bons para to isocyanurate moieties, is largest for the 120 
"C cure, followed by the 160 "C cure and the 100 "C 
cure, respectively. The amount of unreacted isocyanate 
(125 ppm) is largest, based on relative deconvoluted peak 
areas, for the sample cured at  160 "C, while the samples 
cured a t  100 and 120 "C yield essentially identical rela- 
tive peak areas for this resonance. Although trends cor- 
responding to unreacted isocyanate were discernible in 
the 13C CP/MAS interrupted-decoupling results pre- 
sented in Figure 3 and discussed above, no clear trend 
corresponding to unreacted isocyanate was observed for 
the data set represented in Figure 8. In any case, the 
results represented by Figures 3 and 8 cannot be readily 
compared because (1) the data set for the 15N-enriched 
MDI-polyisocyanurate resins was significantly smaller and 
(2) the MDI starting materials were not the same for the 
labeled and unlabeled cases. (The small quantity of the 
15N-labeled MDI precluded its scrupulous purification.) 

15N CP/MAS NMR might be expected to have vari- 
ous advantages over 13C CP/MAS for the study of poly- 
mer systems based on MDI. 15N has a larger chemical 
shift range than 13C for the likely structural possibilities 
in these systems and therefore a smaller likelihood of 
overlapping resonances. Also, there are fewer chemi- 
cally distinct types of nitrogen moieties than carbon moi- 
eties in such systems, which should lead to simpler spec- 
tra and easier identification of peaks. Byproducts and/or 
minor products that would probably go undetected in 
the complicated 13C spectra may be detectable in the '5N 
spectra because of the first two advantages. Further- 
more, well-resolved resonances lend themselves to quan- 
titative treatment more readily. The main disadvan- 
tages of 15N CP/MAS NMR compared to 13C CP/MAS 
are (1) the lower natural abundance of 15N (0.37 vs 1.1% 
for 13C) and (2) 15N's lower inherent sensitivity based on 
the magnetogyric ratio, y, which is only 40% that of l3C. 
Therefore, isotopic enrichment is usually required. Com- 
plete or nearly complete isotopic enrichment in 15N has 
the additional benefit, as indicated above, of improving 
resolution in the 13C CP/MAS spectra somewhat. The 
20.3-MHz 15N CP/MAS spectra of the three 15N- 
enriched MDI-polyisocyanurate resins referred to above 
are shown in Figure 9 for three cure temperatures. The 
proposed structures in terms of which the l5N spectra 
are interpreted and tentative 15N peak assignments for 
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ples cured at lower temperatures. Although the amount 
of biuret formation never approaches the amount of iso- 
cyanurate formation for any of the three 15N-enriched 
MDI-polyisocyanurate resins, it appears from this data 
set that biuret formation from Scheme I1 and/or Scheme 
IV is favored a t  100 "C relative to 120 and 160 "C cure 
temperatures. Amide linkages (see biurets in Table I), 
as well as urea-type linkages, should dominate the spec- 
tra obtained with shorter CP contact times, Le., under 
conditions that favor observation of nitrogen with directly 
attached hydrogen. Therefore, the broad spectral region 
between 100 and 120 ppm in the spectra of Figure 9 con- 
tains two distinct nitrogen environments, namely, the 
MDI-polyurea linkage a t  104 ppm and the amide link- 
age of a biuret-type network at 114 ppm, 

The small resonance at 141 ppm in each 15N CP/MAS 
spectrum of Figure 9 is not visibly attenuated in the inter- 
rupted-decoupling experiment (results discussed later) 
and therefore corresponds to a nitrogen moiety with no 
directly attached hydrogen(s). This peak can be attrib- 
uted to an imide nitrogen (vide infra) in the biuret-type 
network, based on liquid-solution 15N data (see Table I). 

The isocyanate resonances a t  46 ppm in the 15N spec- 
tra of the samples cured a t  120 and 160 "C in Figure 9 
are complicated by the presence of a shoulder centered 
at 53 ppm. This region can be attributed to aromatic 
amine groups on the basis of liquid-solution and solid- 
state I5N data (see Table I). Surprisingly, the sample 
cured a t  100 "C in Figure 9 does not show the presence 
of the amine moiety. Clearly, the most straightforward 
explanation for the formation of amine groups would be 
a reaction of free isocyanate with traces of water or other 
protic sources. Once the amine is formed, it quickly reacts 
with excess isocyanate to form urea linkages, as shown 
in Scheme 111. Apparently, a t  least for the samples cured 
a t  120 and 160 "C, the reactivity of available isocyanate 
groups allows for the significant formation of amine groups 
which, once formed, do not react with additional isocy- 
anate to form urea linkages. The absence of unreacted 
amine groups in the sample cured a t  100 "C might be 
associated with the observed maximum in biuret forma- 
tion a t  that cure temperature. The stannous octoate cat- 
alyzed formation of isocyanurate cross-links is the dom- 
inant reaction for all temperatures examined in the 15N- 
enriched MDI-polyisocyanurate resin sample set. 
However, biuret formation is favored by lower tempera- 
tures, as indicated in Figure 9 by the increased spectral 
intensity observed a t  114 ppm for the sample cured a t  
100 "C. Since, according to Schemes I and 11, isocyanu- 
rate formation does not proceed with the consumption 
of water and biuret formation does, perhaps the reacton 
of water a t  the lower cure temperature to produce biuret 
linkages precludes the significant formation of the amine 
during the low-temperature curing process. Although the 
amine is easily identified in two of the spectra of Figure 
9, it should be noted that its spectral intensity amounts 
to <3% of the total observed spectral intensity for each 
sample. 

Figure 10 shows the 15N CP/MAS spectra of the three 
15N-enriched MDI-polyisocyanurate resins obtained under 
cross-polarization conditions (6-ms contact time) that favor 
observation of the isocyanurate and isocyanate nitro- 
gens. The two major peaks (see arrows) a t  150 and 46 
ppm in each 15N CP/MAS spectrum correspond to the 
isocyanurate and isocyanate nitrogens, respectively. From 
these spectra, it is readily apparent that the relative amount 
of unreacted isocyanate is least in the sample cured a t  
120 "C. followed by the sample cured a t  160 "C, and is 
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Figure 9. 20.3-MHz 15N CP/MAS spectra (7 = 0.4 ms) of three 
'EN-enriched MDI-polyisocyanurate resins prepared at differ- 
ent cure temperatures. The arrows and dashed line in the fig- 
ure correspond to specific resonances or spectral regions dis- 
cussed in the text. 

those structures are shown in Table I. 
The two peaks a t  150 ppm (left arrow) and 46 ppm 

(right arrow) in each spectrum of Figure 9 correspond to 
the isocyanurate and isocyanate nitrogens, respectively. 
Since these spectra were obtained by using a relatively 
short contact time (0.4 ms), the experiment is not opti- 
mized for the observation of nitrogen nuclei with no directly 
attached hydrogens, e.g., isocyanurate and isocyanate nitro- 
gens (vide infra). In addition to these two resonances, 
several other peaks are clearly visible in the spectra shown 
in Figure 9. On the basis of liquid-solution and solid- 
state 15N data (see Table I), we can see that the reso- 
nance centered a t  ca. 104 ppm corresponds to MDI- 
polyurea linkages. The partial hydrolysis of MDI to form 
urea linkages, as described in Scheme 111, is well doc- 
~ m e n t e d . ~ ~ ~ ~ ~  The 104 ppm resonance is also present in 
the  20.3-MHz 15N CP/MAS spectrum of the  15N- 
enriched MDI starting material (not shown here), indi- 
cating that the partial hydrolysis of MDI occurs quite 
readily with even minimal exposure to air.41 This reso- 
nance is the dominant feature in the spectral region 
between 100 and 120 ppm in spectra of the MDI-poly- 
isocyanurate resin samples cured a t  120 and 160 O C ,  shown 
in Figure 9. A discernible shoulder a t  ca. 114 ppm (mid- 
dle arrow) on the low-shielding side of the peak centered 
a t  104 ppm clearly exists in the spectra of these two sam- 
ples. This 114 ppm resonance, which is nearly equal in 
intensity to the 104 ppm resonance for the sample cured 
a t  100 "C, is attributed on the basis of liquid-state data 
(see Table I) to an amide nitrogen in a biuret-type net- 
work. As shown in Scheme 11, a termination step in the 
Lewis acid catalyzed isocyanate polymerization can lead 
to the formation of an amide linkage by reaction with 
trace amounts of water. Alternatively, biuret linkages 
can be formed from the reaction of isocyanate groups 
with urea linkages according to Scheme IV. 

The increased intensity of the 15N resonance at 114 
ppm for the sample cured a t  100 " C ,  relative to the sam- 
ples cured a t  120 and 160 "C, is most probably the result 
of increased biuret branching. Since MDI is a difunc- 
tional monomer, the MDI chemistry is more compli- 
cated than what is shown explicitly in the reaction schemes 
above; branching from any available isocyanate group con- 
tained in R is possible, resulting in the formation of biuret 
linkages. Since the dominant formation of isocyanurate 
structures is favored a t  higher temperatures, the relative 
amounts of other available brunching sites for samples 
cured a t  higher temperatures should be less than for sam- 
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Figure 10. 20.3-MHz 15N CP/MAS spectra ( T  = 6 ms) of three 
15N-enriched MDI-polyisocyanurate resins prepared at differ- 
ent cure temperatures. 
considerably larger in the sample cured a t  100 "C. The 
unreacted isocyanate groups in these samples can a pri- 
ori exist in the form of (a) unreacted MDI monomer or 
(b) "half-reacted" MDI, Le., a system in which one of the 
original isocyanate groups of MDI remains intact and one 
has reacted to form either a monomeric species or an 
oligomeric or polymeric species. Solid-state 15N NMR 
methods for distinguishing between unreacted monomer 
and terminal isocyanate groups in these resins are cur- 
rently being investigated and will be addressed in a sub- 
sequent publication. In addition to these two reso- 
nances, other peaks are clearly visible in the spectra shown 
in Figure 10. The resonances between 100 and 120 ppm, 
corresponding to the urea and amide linkages, are strongly 
attenuated under these experimental conditions because 
of cross-polarization dynamics (vide infra). The small 
resonance a t  141 ppm in each 15N spectrum of Figure 10 
(upper left arrow) corresponds to the imide linkage in 
the MDI-biuret type network, as indicated above for the 
spectra in Figure 9. This resonance is more distinct in 
Figure 10 relative to Figure 9, since the imide nitrogen, 
like the isocyanurate and isocyanate nitrogens, bears no 
directly attached hydrogenb). Another resonance can 
be seen, a t  145 ppm, in the spectrum of the sample cured 
a t  100 "C in Figure 10. On the basis of liquid-solution 
and solid-state 15N data (see Table I), this resonance is 
attributed to the uretidione linkage, whose formation is 
known to be favored under certain conditions, including 
slightly elevated  temperature^.^^^^^ There is no evi- 
dence of the amine groups in the spectra of Figure 10. 
Since the nitrogen atom in the amine group bears two 
hydrogens and is much lower in concentration than the 
urea and amide linkages, it is not detectable under the 
experimental conditions represented by Figure 10. 

15N CP/MAS interrupted-decoupling experiments were 
performed on each 15N-enriched MDI-polyisocyanurate 
resin to confirm that the isocyanurate, isocyanate, imide, 
and uretidione resonances were due to nitrogen environ- 
ments not bearing directly attached hydrogens. These 
results are shown in Figure 11. As expected, intensity in 
only the spectral region corresponding to nitrogen spe- 
cies bearing directly attached hydrogens, i.e., urea and 
amide linkages between 100 and 120 ppm, is strongly atten- 
uated. 

When the 15N CP/MAS results of Figure 10 are com- 
pared with the 1% CP/MAS interrupted-decoupling results 
in Figure 8, which were obtained on the same 15N- 
enriched MDI-polyisocyanurate samples, it appears that 
analyzing the 15N data for quantitative information should 
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Figure 1 1. 20.3-MHz 15N CP/MAS interrupted-decoupling spec- 
tra ( 7  = 6 ms, interrupt time = 70 ks )  of three 15N-enriched 
MDI-polyisocyanurate resins prepared at different cure tem- 
peratures. 
be more straightforward than for the 13C case. To that 
end, variable contact time and lH  relaxation experi- 
ments were carried out to provide the information nec- 
essary for quantitation. Table I1 contains the results of 
the detailed set of relaxation experiments performed for 
each l5N-enriched MDI-polyisocyanurate resin. This table 
gives values obtained for the following three relaxation 
parameters for the three main peaks in the 15N CP/MAS 
spectra of Figure 10, namely, the isocyanurate resonance 
a t  150 ppm, the polyurea resonance centered at  ca. 104 
ppm, and the isocyanate resonance a t  46 ppm: (1) TIH, 
the proton spin-lattice relaxation time; (2) TNH,  the cross- 
polarization relaxation time; and (3) T l p ~ ,  the proton spin- 
lattice relaxation time in the rotating frame. The quan- 
titative significance of the relative intensities of a CP/MAS 
spectrum can be evaluated by careful determination of 
these three parameters. 

The results summarized in Table I1 show relatively large 
differences between the T I p ~  values obtained for the 46 
and 150 ppm resonances, compared to the values obtained 
for the 104 ppm resonance. The T l p ~  value of a homo- 
geneous solid is typically expected to be an average over 
all the protons in the sample, because of proton spin dif- 
f ~ s i o n . ~ ~ ~ ~ ~  However, different T l p ~  values have been 
observed in heterogeneous polymer systems containing 
distinct domains of differing molecular mobilities through- 
out the sample,44 e.g., in samples containing both crys- 
talline and amorphous  region^.^^-^^ Perhaps the poly- 
urea environments (104 ppm), manifesting T l p ~  values 
that are shorter by a factor of ca. 2.5-3.5 than T l p ~  mea- 
sured via isocyanate (46 ppm) and isocyanurate (150 ppm) 
nitrogens, undergo more efficient relaxation because of 
increased molecular motion relative to the isocyanate and 
isocyanurate environments. In the limit of large domain 
sizes, this kind of explanation can correspond to a clas- 
sical phase separation between an isocyanurate/isocyanate- 
rich resin and a polyurea-rich resin. 

A repetition time of 6 s was chosen for all the 13C and 
15N CP/MAS experiments represented in the figures to 
ensure complete proton spin-lattice relaxation. Six sec- 
onds is more than 4 times the largest T ~ H  value dis- 
played in Table 11. 

1H-15N cross-polarization transfer, represented by the 
rate constant TNH-~,  and rotating-frame proton spin- 
lattice relaxation, represented by the rate constant TI~H-', 
are competing effects, which determine the fraction of 
the theoretical CP intensity that is observed for each peak. 
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Table I1 
15N Relaxation Parameters and Relative Intensities for I5N-Enriched MDI-Polyisocyanurate Resins 

M ( T  = 6 ms) isocyanurate" x 100 sample cure resonance, 
T ,  O C  PPm T I H ,  s T N H ,  ms T l p ~ ,  ms M ( T  = 6 ms) M* M* isocyanate 
100 "C 150 

104 
46 

120 "C 150 
104 
46 

160 "C 150 
104 
46 

1.1 3.0 
1.1 0.2 
1.1 3.3 
1.2 2.8 
1.2 0.1 
1.2 3.2 
1 1  2 5  
1 1  0.1 
1.1 2.5 

17.4 
5.0 

16.9 
15.2 
4.5 

13.7 
10.3 
4.3 

11.7 

48.8 70.6 
16.6 52.6 
28.7 43.0 
50.5 74.2 
26.2 94.7 
16.7 26.2 
48.8 79.3 
20.3 78.2 
22.3 33.6 

69 
32 
67 
68 
2 1  
64 
62 
26 
64 

1,6 

2.8 

2.3 

a This mole ratio was calculated from intensities, using correction factors based on the preceding column. 

A useful form of this relationship is given in eq l.47 In 

m 

this equation M(T) is the nitrogen magnetization observed 
for a given CP contact time, T ;  and M* is the nitrogen 
magnetization one would obtain if cross polarization were 
instantaneous and rotating-frame relaxation were infin- 
tely slow. Tcp = TNH for a 15N CP experiment. Values 
of TNH and T l p ~  were obtained by fitting the variable- 
contact data for eq 1 via a least-squares routine. Varia- 
tions in TNH and T l p ~  shown in Table 11, especially com- 
paring the isocyanurate and isocyanate values with those 
obtained for the polyurea, would make quantitative anal- 
ysis of the data for a given contact time impossible, if 
the TNH and T l p ~  values had not been determined. How- 
ever, knowing the TNH and T l p ~  values from the vari- 
able contact time experiment, one can correct the inten- 
sities according to eq 1 for a given contact time to obtain 
the corresponding corrected CP-enhanced magnetiza- 
tions. 

The magnetization observed for T = 6 ms, M(T = 6 
ms), and the corrected magnetization, M*, are included 
(in arbitrary units) in Table I1 for the isocyanurate and 
isocyanate resonance for each 15N-enriched MDI-poly- 
isocyanurate. In addition, the percentage of the theoret- 
ical maximum intensity observed and the correspond- 
ingly corrected ratio of isocyanurate intensity to isocy- 
anate intensity are given. From these data, it is apparent 
that, although the observed intensity for each resonance 
is significantly lower than the theoretical maximum, the 
extent of cross-polarization efficiency is nearly the same 
for the two resonances of interest. 

Although the relative intensities of the standard and 
interrupted-decoupling 13C CP/MAS spectra in Figures 
7 and 8 indicate that isocyanurate formation is most 
favored at  120 "C, that type of data does not lend itself 
to quantitative treatment. The 15N CP/MAS data not 
only agree qualitatively with the 13C CP/MAS data but 
provide a much more detailed interpretation of the cur- 
ing behavior in these MDI-polyisocyanurate resin sys- 
tems. The results of Table I1 clearly show that the for- 
mation of isocyanurate cross-links is favored most a t  120 
"C, among the temperatures examined, followed by 160 
and 100 C, respectively. The amount of unreacted iso- 
cyanate was considerably larger (ca. 38%) for the lowest 
cure temperature of 100 "C than for the highest cure tem- 
perature of 160 "C (305;0), a result that would be impos- 
sible to ascertain from only the 13C data presented in 
Figures 7 and 8. Although isocyanurate formation is known 
to be favored by higher temperatures, clearly an optimal 
temperature is indicated from the 15N CP/MAS data (ca. 
120 "C for this data set), above which isocyanurate for- 

mation decreases. These quantitative data also agree with 
the qualitative 13C CP/MAS and 13C CP/MAS interrupt- 
ed-decoupling results obtained on MDI-polyisocyanu- 
rate resins containing 14N in natural abundance and rep- 
resented by the spectra in Figures 2 and 3. However, 
the '5N CP/MAS results summarized in Table I1 allow 
a numerical estimate for the decrease in isocyanurate for- 
mation in progressing from 120 to 160 "C. The straight- 
forward analysis of these complex, insoluble resins to yield 
detailed information on the curing behavior is made pos- 
sible by the ability of 15N CP/MAS NMR to resolve the 
isocyanurate and isocyanate resonances. 

Summary and Conclusions 
13C CP/MAS NMR monitoring of the curing of MDI- 

polyisocyanurate resin systems has established an opti- 
mal curing temperature of ca. 120 "C, under the condi- 
tions specified, by measurement of the relative amounts 
of isocyanurate formed and unreacted isocyanate present. 
The amount of isocyanurate formed was also found to 
increase upon increasing the curing time at  120 "C. Close 
examination of spectra obtained for various cure temper- 
atures showed significant differences, establishing the fact 
that some other chemical species are formed in the MDI- 
polyisocyanurate resin cured at  80 "C. However, even 
with the aid of spectra from an MDI-polyurea and an 
MDI-based biuret resin system, unambiguous identifica- 
tion of such species could not be accomplished by 13C 
CP/MAS NMR, because the spectra of MDI-polyisocy- 
anurate resins are quite complex, with overlapping reso- 
nances. The inability of 13C CP/MAS NMR to distin- 
guish these particular environments makes the identifi- 
cation of the pathways competing with isocyanurate 
formation impossible by 13C CP/MAS NMR alone at  this 
stage of the state-of-the-art. This situation renders iden- 
tification of some species difficult and virtually pre- 
cludes the identification of minor products or a straight- 
forward quantitative analysis by 13C CP/MAS alone. 
Hence, the utility of l3C CP/MAS NMR in the MDI- 
resin context is largely qualitative. 

The l5N CP/MAS results yielded simpler spectra than 
their 13C CP/MAS counterparts and minor products in 
the spectra were clearly identified. The fate of the reac- 
tive isocyanate functionality was readily monitored, result- 
ing in the unambiguous spectral identification of the fol- 
lowing linkages or functionalities: the isocyanurate link- 
age at  150 ppm, the uretidione linkage at  145 ppm, the 
imide linkage at  141 ppm, the amide linkage at  114 ppm, 
the urea linkage at 104 ppm, the amine at  53 ppm, and 
unreacted isocyanate a t  46 ppm. In comparison, 13C 
CP/MAS was able to identify clearly just the isocyanu- 
rate linkage at 150 ppm and the unreacted isocyanate a t  
125 ppm. In addition, when the appropriate cross- 
polarization dynamics were considered, quantitative 15N 
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CP/MAS results were obtained. The 15N CP/MAS results 
confirmed the fact, established by 13C data, that the extent 
of cross-linking via isocyanurate ring formation was great- 
est a t  120 "C .  The enhanced structural information con- 
tent of the 15N CP/MAS results clearly demonstrates 
the advantage of using this technique (currently with 15N 
enrichment) over 13C CP/MAS as a solid-state NMR tech- 
nique for these particular types of chemical systems at  
the present time. Since nitrogen-containing moieties will 
be involved with most, if not all, of the formation chem- 
istry of  isocyanate-based resin systems, l5N CP/MAS 
NMR will he a powerful technique for  probing the rele- 
vant structures. 
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