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Figure 3. Fluorescence spectra of PtBVN in ethyl acetate ( 5  X 
10” mol/L in chromophore concentration) a t  room temperature: 
(-) A,, = 308 nm; (---) A,, = 323 nm; (-.-) A,, = 340 nm; ( . a m )  

absorption spectrum of PtBVN in ethyl acetate. 

neglected the possibility of second-excimer-like traps giving 
the emission. For example, while Frank and Gashgari were 
examining polymer blend compatibility, they observed 
emission, nearly identical with observed here, from PVN 
in the thermodynamically good host matrix poly( isopropyl 
methacrylate).8 Similar emissions were also observed from 
a film of an alternating copolymer of 2-vinylnaphthalene 
and methyl methacrylateg and from a film prepared from 
the polymer of general structure -[CH(C6H5)CH2CH2CH- 
(c6H5)(cH2),,]-.10 hie et d. also reported similar emission 
from poly( 1-vinylnaphthalene) in a thermodynamically 
poor solvent, Le., cyclohexane.’l They attributed the 
emission to that from “dimer” formed by the increased 
chromophore interaction and conformational rigidity in 
the poor solvent. Our preliminary study on poly[(2- 
naphthy1)alkyl methacrylate] films also revealed that a 
second-excimer-like fluorescence identical with that ob- 
served here is emitted by poly[ 1-(2-naphthyl)ethyl meth- 
acrylate], which has methyl groups, unfavorable for ex- 
cimer-forming interaction, that are located near the 
naphthalene chromophores. The films of other polymers 
with linear alkyl chains, e.g., poly[ (2-naphthy1)methyl 
methacrylate] and poly[2-(2-naphthyl)ethyl methacrylate], 
afforded mostly excimer emission.12 

Therefore, high-energy trap formation is quite general 
in polymers having pendant aromatic chromophores. The 
only requirement appears to be that chromophores be 
separated, by steric or other structural causes or by ex- 
tensive host-guest polymer interpenetration, by distances 
longer than that for excimer-forming interaction and 
further that chromophores be fixed in place by decreased 
chain mobility as in a film or in a poor solvent. Since the 
stabilization due to charge resonance interaction, both in 
the excited state and in the ground state, appears to be 
rather small compared with that of excitation resonance 
in a low-energy excimer,’ the above geometric requirement 
needs to be fulfilled before the high-energy trap can form 
and emit prior to dissociation to excited- and ground-state 
monomers or conversion to the more stable low-energy 
excimer. A more complete study including the tempera- 
ture dependence of the high-energy trap emission is in 
progress and will be reported in a future publication. 
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13C NMR Study of Cured Furfuryl Alcohol Resins 
Using Cross Polarization and Magic-Angle 
Spinning 

Resins prepared from furfuryl alcohol (I) are of con- 

5&cHZoH 

I 

siderable The formation process of uncured 
resins has been studied extensively and is relatively well 
understood in terms of the following  reaction^:^,^ 

I11 

Knowledge of the curing process(es) of these resins by 
heating, with or without a catalyst, is less detailed. 
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Formaldehyde is evolved in the curing, presumably by 
processes of types (3) and (4).'i5 

acHSOcH2a 
Wewerka6 has suggested that in the curing process with 

strong catalysts or at  higher temperatures, formaldehyde 
generated from reaction 3 or 4 reacts at  the 3,4 positions 
of the furan rings of the resin to form methylene or oxy- 
dimethylene bridges as follows: 

F H 2 0 H  

CH / ?  

IV a 
cololysl ' 0 i C H 2 0 C h  0 

V 

In contrast, on the basis of evidence from IR spectroscopy, 
Conley and Meti16 suggested that cross-linking reactions 
in the curing can occur via the coupling of methylol groups 
or formaldehyde with methylene linkages, forming species 
such as VI and VII. Because of the insoluble character of 
these resins, it has previously been difficult to address 
these kinds of considerations experimentally. 

VI1 

The recent emergence of solid-state 13C NMR ap- 
proaches employing cross polarization (CP)' and magic- 
angle spinning (MAS)8 has opened new avenues for the 
characterization of synthetic and naturally occurring 
macromolecules? This communication describes prelim- 
inary 13C CP/MAS NMR studies of cured furfuryl alcohol 
(FA) resins. The spectra were obtained a t  15 MHz on a 
JEOL FX 6OQS spectrometer, using MAS speeds of about 
2.3 kHz. A cross-polarization contact time of 1 ms and a 
repeat time of 1 s were used. Figure l a  shows the 13C 
CP/MAS spectrum of a FA resin (from Quaker Oats) that 
has been cured at  65 "C with 2% H3P04 for 22 h before 
neutralization. The fact that the peaks are relatively broad 
indicates that, as one might expect, there is a considerable 
degree of structural heterogeneity, including conforma- 

A 

Figure 1. (a) 15-MHz 13C CP/MAS spectrum of cured furfuryl 
alcohol resin. (b) 13C spectrum of the same resin obtained with 
interrupted decoupling (100 ps). 

tional variations, in this resin, the spectrum of which is 
typical of several cured FA resins we have studied. The 
intensity distribution in the spectrum of Figure l a  is 
relatively complex, including contributions from shoulders. 
An in-depth analysis of all of these features will require 
completion of a detailed relaxation study and investiga- 
tions of model compounds, studies that are now in prog- 
ress. Nevertheless, the main features of the spectrum are 
readily interpreted and prove to be illuminating. 

The peak centered at  about 29 ppm (to lower shielding 
than liquid tetramethylsilane (Me4Si) reference) is assigned 
to the CH2 linkage of the repeating unit in 11, the peak at  
about 109 ppm to the 3,4 positions of 11, and the peak at  
about 151 ppm to the 2,5 positions of 11. The peak a t  
about 38 ppm can be assigned to 3CH moieties attached 
to three carbon atoms, e.g., as in the bridging CH group 
in VI or VII; this assignment has been confirmed by a 
newly developed two-dimensional '3c NMR technique that 
can determine the number of protons directly attached to 
carbon.I0 

There is no evidence in Figure l a  of oxydimethylene 
moieties of the type shown in 111. The I3C resonances of 
such carbons would be expected to occur at about 70 ppm. 
The absence of this linkage may mean either that reaction 
2 is unimportant or that to the extent that reaction 2 
occurs, this CH20CH2 moiety is destroyed by form- 
aldehyde elimination in process 4. 

Further evidence on the nature of the cross-linking of 
the cure is obtained by an interrupted decoupling exper- 
iment.11J2 In this approach the magnetization of 13C nuclei 
to which one or more protons are directly attached is al- 
lowed to dephase during a period in which the 'H decou- 
pler is off. With 100 ps of decoupling interruption, only 
carbons without directly attached protons survive strongly 
in the 13C CP/MAS spectrum. Figure l b  shows that only 
one peak, that at  151 ppm, survives the 100-ps interrupt 
time. Had significant substitution occurred at  the 3,4 
positions, according to the cross-linking hypothesis of 
Wewerka? significant intensity would be expected at  about 
120 ppm in the interrupted decoupling experiment. 
Clearly, no such peak appears, so it must be concluded that 
3,4substituted furan rings cannot be present in substantial 
quantities in the cured FA resin. 

In conclusion, the 13C CP/MAS technique has shown 
great promise in the structural characterization of cured 
furfuryl alcohol resins. Equation 1 has been shown to 
account for most of the polymerization, and cross-linking 
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via the methylene bridges, rather than substitution at  
C3,C4, is shown to be the main cross-linking mechanism. 
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