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ABSTRACT 13C CPMAS NMR spectroscopy was used to  examine the relaxation profiles in solid samples 
of Piceae glauca wood pulp. Proton spin-lattice ( TIH) and proton rotating-frame spin-lattice ( TbH) relaxation 
techniques were utilized in conjunction with induced paramagnetic relaxation, W-’H interrupted-proton 
decoupling, and enzymatic degradation to infer details of structure in the wood pulp constituents. Divergent 
TIH’S in this material were seen to converge toward a singular value as nonbound or remotely bound cellulose 
units were degraded and removed from the solid-state sample matrix. This observation suggests that the 
residual lignocellulosic heteropolymer was associated in such a manner that proton spin diffusion was constant 
for all components, providing evidence for the existence of naturally occurring lignin-carbohydrate structures. 

Introduction 
The nature of lignin-carbohydrate interactions in plant 

tissues has been a subject  of increasing speculation i n  
recent years. Mechanisms whereby lignin-carbohydrate 
bonds are formed have been proposed in synthetic model 
~ystems.l-~ The understanding of both the characteristics 
and the stability of lignocellulosic linkages is an important 
scientific concern since lignocellulosic polymers are major 
const i tuents  of vascular plants and are widely utilized 
organic materials. The lignin component of deciduous 
lignocellulosic plant cell wall matter is  known to inhibi t  
the enzymatic  breakdown of bound c e l l ~ l o s e . ~ ~ ~  The ef- 
ficient disruption of these interact ions is of pr ime im- 
portance i n  such diverse processes as paper pulping, 
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biomass conversion, and in the digestibility of forage i n  
ruminants. 

Standard I3C Fourier- t ransform solution NMR tech- 
niques have been demonstrated to be very useful for the 
examination of isolated lignin and cellulosic compounds, 
as well as in s tudies  of soluble lignin-carbohydrate com- 
plexes and model organic  compound^.^^ However, the 
isolation of soluble lignocellulosic compounds is somewhat 
problematic  i n  that chemical treatment and destructive 
methods result in structural modification of the compo- 
nents present in these systems as evidenced i n  their  13C 
NMR spectraSg 

NMR employing cross 
polarization and magic angle spinning (CPMAS) has 
generally overcome many of the difficulties associated with 
reduced molecular motion i n  solids: 13C-lH dipolar cou- 
pling, chemical shif t  anisotropy and 13C sensitivity prob- 

The advent of solid-state 
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Table I 
Analytical Characteristics of Piceae glauca Pulp 

% 
% C % H % N 5% 0 methoxvl 

untreated wood pulp 45.72 6.40 <0.1 40.62 4.77 
cellulase-treated wood 54.01 6.25 0.017 34.92 10.83 

Pulp 

lems due to the low natural abundance, the relatively small 
magnetic moment, and long 13C relaxation times.'@l4 

The question of the existence of lignin-carbohydrate 
complexes has recently been mentioned in a 13C CPMAS 
NMR study of lodgepole pine wood, extracted residues, 
and derived lignin  preparation^.'^ In that study the spectra 
show that some lignin appears to be removed from the 
wood along with certain carbohydrates and cellulose during 
holocellulose sample preparation. According to the au- 
thors, such evidence suggests the existence of lignin-car- 
bohydrate complexes in the solid state.15 

In this contribution, we report a solid-state 13C CPMAS 
NMR investigation of the nature of the lignocellulosic 
interactions seen in wood pulp from an Eastern White 
Spruce, Piceae glauca. Proton Tl (spin-lattice relaxation 
time), proton T1, (rotating-frame spin-lattice relaxation 
time), paramagnetic-induced relaxation, and 13C-lH di- 
polar relaxation techniques have been used to  assess the 
relationship between carbohydrates and lignin in these 
materials. Additional information has been derived from 
13C CPMAS studies of lignin-enriched samples of Piceae 
glauca pulp (PGP) which were prepared by enzymatic 
degradation and removal of degradable, nonbound, and 
peripheral cellulose. 

Experimental Section 
NMR Measurements. 13C CPMAS measurements were ob- 

tained at a 13C frequency of 15.0 MHz with a JEOL FX-SOQS 
~pectrometer.~~ The 'H decoupling radio-frequency irradiation 
field strength was 11 G, thus cross polarizing with 44 G for 0.5 
1119. A spectral width of 8OOO Hz and a sampling of 2K data points 
zero filled to 4K was used for spectral acquisition. All chemical 
shifts were assigned relative to the hexamethylbenzene shift of 
17.36 ppm for its CH3 resonance based on the position of tetra- 
methylsilane. Samples were spun at a rate of approximately 2.4 
kHz at the magic angle of 54.7" in Kel-F bullet-type rotors. 

Samples. Since the preparation of the P. glauca pulp/Fe3+ 
samples and metal determinations thereon have been previously 
described, only a brief summation will be provided here.I6 The 
PGP was obtained from a thermomechanical pulping process 
where the fibers were refined in a pressurized disk at a tem- 
perature exceeding 100 "C. These fibers were then ball-milled 
for 12 days. The ball-milled material was further ground in a 
Wiley mill. The material was passed consecutively through a 
3-mm screen, a 20-mesh screen, and a &mesh screen. This freshly 
ground and sieved wood pulp was lyophilized overnight to constant 
weight. One-gram samples of the lyophilized wood pulp were 
added to each of five 250-mL glass-stoppered ilasks. FeC13.6Hz0 
was added to each sample as follows: 0.00,0.15,1.50, 15.00, and 
150.00 mg. Each of these samples was made up to 100 mL by 
the addition of HzO. These samples were shaken at 100 rpm in 
a 25 "C water bath for 2 h. These mixtures were dried to constant 
weight on a lyophilizer. The total concentration of iron in these 
samples was determined by atomic absorption. Additional samples 
of PGP were enzymatically treated in the following manner. A 
5.1-g sample of the mechanically exploded wood pulp was ground 
in a porcelain ball mill for 12 days. The powdered material was 
extracted with 200 mL of boiling HzO, filtered on a vacuum funnel, 
and dried under Nz. The dry residue weighed 4.1 g. This dried 
residue was digested with a commercial preparation of cellulase 
(10000 units) in 100 mL of acetate buffer (0.05 M, pH 4.8) by 
shaking at 45 "C for 72 h. The digest was filtered and the solid 
residue washed with 500 mL of hot HzO. Upon drying under N2 
the final yield was 1.65 g. Microcrystalline cellulose (Avicel) was 

Table I1 
Relaxation Valuesa of Piceae glauca Pulpb 

[Fe3+Ic TIH TlpH T C H d  

153e 78.8 (82.0)' 9.9 0.095 
184 79.0 (82.6) 9.2 
419 53.2 (55.9) 7.8 

2860 13.1 (13.8) 6.8 
25400 2.9 (2.9) 2.7 

a ms f 10%. Carbohydrate region of I3C spectra at ca. 75 ppm. 
f 25%.  e Iron content of zero-doped Pi- 

ceae gEauca pulp. 'Values in parentheses represent ?",, values for 
anomeric carbohyhydrate resonances at ca. 105 ppm. 

obtained from Hercules Powder Co., Wilmington, DE, and used 
without further treatment. 

Analyses. C, H, N, 0, and methoxyl analyses were performed 
by Galbraith Laboratories, Knoxville, TN (Table I). 

Results 
Relaxation Measurements. Peak height measure- 

ments were employed for the calculation of relaxation 
times ( T ~ H ' s  and TipH's). Each frequency-domain spectrum 
was obtained with 35 Hz of exponential computer-line 
broadening to yield spectra with satisfactory signal-to-noise 
ratios without a sacrifice in resolution. Values of T1H were 
determined indirectly by observation of the 13C magne- 
tization via cross polarization in a 180°-r-900 pulse se- 
quence.17 Optimal contact times of 0.5 ms necessary to 
obtain proper relative responses for all resolvable carbon 
types in these heterogeneous systems had been determined 
previously.16 Double-exponential curve-fitting techniques 
were used for the analysis of all relaxation times. Recycling 
times were at  least 10Tl's. The results of these T1H 
measurements for the various PGP samples are given in 
Tables I1 and IV. Values of TCH (carbon-proton cross- 
polarization time) and TlpH for PGP were calculated ac- 
cording to literature methods by measuring 13C magneti- 
zation as a function of contact time.'* The transfer of 
proton dipolar order from proton nuclei to carbon nuclei 
in the rotating Zeeman frame has been discussed in the 
literature.1g-21 In some crystalline materials, the observed 
I3C magnetization is expected and has been shown to un- 
dergo transient oscillations due to the fact that vectors 
describing the 13C-lH bonds in such systems all have the 
same angle with the static magnetic field.19-21 However, 
amorphous and polycrystalline materials generally do not 
exhibit such effects due to the random orientations of the 
13C-lH bond angles which produce phase incoherence. 
Even in crystalline materials, this transient step rise has 
been shown to be over in approximately 20 ps.21v22 How- 
ever, in order to avoid the possibility of such effects in this 
work, we did not employ extremely short contact times as 
cited above. The results of these T C H  and T i p H  measure- 
ments for PGP are given in Table 11. Interrupted 13C-lH 
decoupling experiments were also performed to differen- 
tiate nonprotonated 13C nuclei from protonated 13C nuc- 
lei.23 A 40-c(s delay without proton decoupling was inserted 
into the pulse sequence prior to data acquisition. The 
indirect T1H sequence was also combined with an inter- 
rupted 13C--lH decoupling in a 180°-r-90"-delay pulse 
sequence to obtain relaxation data for nonprotonated and 
underlying 13C resonances in our sample spectra. The 
delay used was a 40-ps pulse delay without proton de- 
coupling prior to data acquisition in the 180°-~-90" se- 
quence.l' The results of these measurements are given in 
Table 111. T1H relaxation time values, with and without 
interrupted decoupling, were checked on standard samples 
of poly(methy1 methacrylate) to verify that both experi- 
ments give identical values of TIH for any given peak in 
the spectrum. 

Concentration in ppm. 
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Table I11 
Piceae glauca Pulp Component TI= Relaxation Valueso 

(InterruDted Decoudina) 
13C chemical shiftb 

[Fe3+Ic 150 135 14 55 
153 36.9 36.5 51.4 42.1 
184 23.0 25.1 44.2 30.1 
419 23.3 24.1 31.3 21.8 
2860 14.1 12.3 17.2 14.3 
25400 4.5 5.9 9.2 1.7 

ams f 10%. bppm. cConcentration in ppm. 

Analytical Characteristics of the Piceae glauca 
Wood Pulp Samples. C, H, N, 0, and methoxyl analyses 
for the various samples are presented in Table I. Addi- 
tional analytical information for the PGP is also availa- 

Discussion 
13C CPMAS Studies of Piceae glauca Pulp. The 

chemical composition of PGP consists predominantly of 
two major components: lignin and cellulose. Several 13C 
CPMAS NMR studies of lignin and cellulose in the solid 
state have recently been These studies have 
focused on the assignment of resolvable resonances for 
these wood constituents. The spectroscopic techniques of 
solid-state 13C NMR have also been useful in the charac- 
terization of wood s t r u ~ t u r e . ' ~ ~ ~ ~  The assignments of the 
various peaks and signals from these reports on lignin, 
cellulose, and wood will be utilized in the interpretation 
of the 13C CPMAS spectra acquired in this work. Although 
some of the referenced papers contain 13C NMR solid-state 
spectra of lignin and cellulose from instruments operating 
at  higher 13C magnetic field strengths than that in our 
laboratories, the resolution obtained (upon careful exam- 
ination of the published results) is not significantly en- 
hanced over that observed here. 

Figure 1A depicts the 13C CPMAS NMR spectrum of 
the PGP. Several resonance lines are clearly resolved in 
this spectrum. However, these bands are relatively broad 
and reflect the complex chemical composition of the sam- 
ple, as well as its amorphous, noncrystalline structure. The 
rather broad resonance line widths also reflect the ther- 
momechanical treatment, subsequent grinding, and prep- 
aration of the samples. Amorphous samples, such as those 
examined here, generally produce fairly wide NMR lines 
in solid-state 13C CPMAS spectra. The resonance at 105 
ppm may be slightly narrower than similar resonances in 
ball-milled wood spectra.15 This slight narrowing may 
reflect a small degree of crystallinity or nonamorphous 
regions in our samples. However, the extensive ball-milling 
as well as the spectral line widths observed essentially 
define the morphology of the PGP utilized in this work 
as amorphous. The spectrum shows that local molecular 
environments are nonequivalent within this polymeric 
network. The resolution achieved, however, is still ade- 
quate for identifying the major components of the PGP. 
The 13C NMR spectrum is essentially dominated by res- 
onances that are attributed to components arising from 
cellulose and hemicellulose. Carbon nuclei from these 
carbohydrate moieties give rise to signals between 60 and 
110 ppm. The peak at  approximately 105 ppm corre- 
sponds to the anomeric or C1 carbon from p-D-gluco- 
pyranose repeating units of cellulose. This resonance is 
particularly well resolved. The broad signals from the 
cellulose are superimposed on those from the hexose and 
pentose units of the hemicellulose compounds. 

The spectrum also contains features that are less intense. 
The shoulder a t  56 ppm may be assigned to methoxyl 

~ ~ 2 4 ~ 2 5  

105! 56 

UNTREATED 
150 I I I 

I50 j b6 

I I I I ! I I I I I I I , I  

200 100 0 ppm 

Figure 1. Piceae glauca pulp 13C CPMAS spectra. 

groups from lignin and also from hemicellulose. The 
aromatic components of lignin are seen between 130 and 
155 ppm. These less intense features and the 13C CPMAS 
spectra cited and discussed so far only provide limited, 
qualitative information about the structure of these com- 
pounds. Other chemical and NMR methodologies are 
necessary to examine the chemical and structural rela- 
tionship (connectivity) between lignin and carbohydrate 
in PGP and to enhance the underlying and unresolved 
components in the spectra obtained. 

Paramagnetically Induced Relaxation in Piceae 
glauca Pulp. In pure organic compounds and in dia- 
magnetic organic crystalline solids with abundant proton 
populations, rapid spin diffusion generally occurs due to 
the powerful 'H-lH dipolar interactions. All protons ex- 
hibit equivalent spin-lattice relaxation times regardless 
of the carbon-containing functional group to which they 
are attached in such compounds. However, previous 
studies of biological samples, heterogeneous mixtures, and 
plant materials indicate that proton spin-lattice relaxation 
may be inhomogeneous in complex mat rice^.'^^^^^^^ Dif- 
ferent TIHk within a given sample indicate that compo- 
nents comprising the mixture are spatially separated such 
that their respective proton populations have distinct re- 
laxation properties. General theory relating relaxation 
properties, magnetization transport, and spin diffusion has 
been adequately reviewed, and the reader is referred to the 
fundamental literature for further 

PGP was studied previously as part of a 13C CPMAS 
examination of an amorphous, physical mixture consisting 
of lipid, lignin, keratin, and wood pulp.16 Reductions in 
the proton Tl and T1, values were seen for all of the com- 
ponents comprising the previously reported model mixture 
when comparing the proton relaxation values for the re- 
spective constituents upon addition of paramagnetic Fe3+. 
However, the largest reductions in the proton relaxation 
values of the model components upon amendment with 
paramagnetic Fe3+ were observed in the carbohydrate 
components of PGP. Particularly interesting was the fact 
that its TlpH showed a marked decrease (7.0 to 2.2 ms) 
when the paramagnetic system was compared to the 
non-iron-containing mixture. None of the other compo- 
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for the 105 ppm resonance fall within the experimental 
error of the T1H values shown for the 75 ppm resonances 
as expected. These data provide further evidence that 
proton spin-lattice relaxation is homogeneous throughout 
the observable carbohydrate region of the spectrum. 
Resonances from lignin, which may slightly underlie the 
carbohydrate peaks at approximately 75 ppm, are negli- 
gible and do not appreciably affect the relaxation mea- 
surements to this point. 

Interrupted Decoupling T I H  Experiments. In order 
to enhance the spectral resolution of the noncarbohydrate 
components of the PGP, the 13C-lH dipolar dephasing 
interaction was utilized.23 Many examples now exist in the 
literature where dipolar dephasing provides spectra con- 
sisting only of resonances from nonprotonated carbon 
nuclei and methyl  group^.^^^ Certain functional groups, 
such as methyl groups, undergo rapid, internal rotations, 
even in the solid state. Such motion attenuates the W-lH 
dipolar relaxation mechanism rather markedly, with the 
result that resonances from such carbon nuclei are atten- 
uated but not entirely eliminated from the spectrum. Even 
though the internal motion of the methyl group reduces 
the dipolar effect because of angular averaging, such groups 
usually have distinct chemical shifts and are easily assigned 
in solid-state CPMAS 13C NMR spectra. Although the 
interrupted decoupling technique is a somewhat pheno- 
menological method and not totally quantitative, the 
method can effectively increase the resolution one may 
achieve in certain solid-state 13C CPMAS studies. 

Figure 1B depicts the spectrum of the PGP with the 
previously specified decoupling delay time. Almost all of 
the 13C resonance responses from the carbohydrate portion 
of the sample have been attenuated or eliminated entirely 
from the spectrum. Some loss in the signal-to-noise ratio 
(approximately 2530%) is apparent in such an experiment 
as would be expected due to some dipolar dephasing of the 
remaining nonprotonated and methyl resonance signal 
intensities. 13C resonances are still evident at 105 ppm and 
some response is still seen at  75 ppm. When the magni- 
tude of the signal a t  75 ppm is compared to that a t  150 
ppm in Figure lA, we notice the domination of the former. 
The 75 ppm resonance is only seen as a residual signal 
when compared with the 150 ppm resonance in Figure 1B. 
Therefore, this residual signal is probably from structures 
that are very low in concentration and does not adversely 
affect the values of the relaxation times determined by the 
standard T1H methodology for the 75 ppm resonances in 
Figure 1A. In order to determine whether those residual 
signals a t  75 ppm were from ordered cellulose molecules, 
a microcrystalline sample (Avicel) was examined under 
standard 13C CPMAS conditions and under identical 
conditions but with interrupted W-lH dipolar decoupling 
(Figure 3). When the microcrystalline cellulose is exam- 
ined with dipolar dephasing, no signals are evident either 
for the cellulose ring or for anomeric carbon nuclei. Thus, 
the peaks in Figure 1B at approximately 75 and 105 ppm 
are not from ordered, crystalline cellulose constituents in 
the PGP matrix. In several reports of the 13C NMR so- 
lution spectra of lignins, investigators have proposed that 

signals between ca. 102 and 108 ppm have as much 
likelihood of being due to resonances from sinapyl 
structures as from anomeric carbon nuclei of glycosides.44z45 
Thus the 13C resonance at  105 ppm in Figure 1B may be 
associated with lignin polymer, especially due to the cor- 
responding strong intensity a t  150-155 ppm. Another 
possible assignment for this resonance could be C-2 non- 
protonated carbon nuclei of associated keto sugar poly- 
mers. However, the noncarbohydrate and other previously 

‘9 
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Fi ure 2. 13C magnetization response of Piceae glauca pulp and 
Fef+-doped Piceae glauca pulp. (From top to bottom the curves 
correspond to 153,184,419,2860, and 25 400 ppm Fe3+, respec- 
tively.) 

nents of that system exhibit such shortening of proton 
rotating-frame spin-lattice relaxation times when the same 
comparison is made. Proton T1H values, however, proved 
to be a much more sensitive and general indicator of 
paramagnetically induced relaxation effects when ferric 
ion was added to the model system. Fe3+-induced short- 
ening of the T~H’s was observed for all components with 
reductions ranging from 50% for the lipid to approxi- 
mately 96% for the PGP. Furthermore, the variations in 
the T ~ H  and TlpH values of the physically mixed lipid- 
lignin-keratin-wood pulp systems indicated that spin 
diffusion was obviously nonuniform and demonstrated that 
structural domains were segregated for the different con- 
stituents therein. These observations prompted more 
thorough relaxation studies of the lignocellulosic polymers 
and their presumed internal linkages. Paramagnetically 
induced relaxation effects were utilized as a probe in 
conjunction with TlpH and T1H measurements in order to 
investigate the structural connectivity of various polymeric 
domains and to determine whether or not lignin-carbo- 
hydrate complexes could be characterized in the solid state. 

The data in Table I1 summarize the relaxation param- 
eters determined for carbohydrate peaks in PGP. The 
macroscopic or apparent TlpH drops from 9.9 to 2.7 ms for 
these nuclei as the Fe3+ concentration increases from 153 
to 25400 ppm. Figure 2 also graphically illustrates the 
actual and calculated data for the TCH and TlpH studies. 
These data are much more extensive and detailed than our 
previously published work.16 We note that the calculated 
curves in Figure 2 are in excellent agreement with the 
experimental data points. Furthermore, the apparent 
proton rotating-frame relaxation observed as a function 
of increasing paramagnetic concentration in these systems 
may be described as a single, first-order relaxation phe- 
nomenon within experimental error. Although paramag- 
netically induced shortening of the observable TlPH is ob- 
vious, the paramagnetic contribution to proton relaxation 
appears to be uniform through the carbohydrate. Any 
non-first-order relaxation is not statistically significant. 
The T C H  or cross-polarization relaxation time is treated 
as a constant for these systems (within experimental error) 
even upon increasing the Fe3+ concentration as indicated. 
Similar trends (as those for the TlpH data presented above) 
are evident in Table I1 for paramagnetically induced 
shortening of the apparent TI, for the carbohydrate 
portion of the PGP 13C CPMAS NMR spectrum. The TIH 
values included in parentheses in Table I1 indicate the 
proton spin-lattice relaxation times of the anomeric car- 
bohydrate region (approximately 105 ppm) of the PGP 13C 
CPMAS spectrum (see Figure 1A). All of the values listed 
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Figure 3. Microcrystalline cellulose 13C CPMAS spectra. 
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unresolved components are no longer obscured as seen 
when Figure 1B is compared to Figure 1A. The features 
that were previously hidden, such as the lignin methoxy 
at 56 ppm and the aromatic carbon moieties between 130 
and 155 ppm, now dominate the spectrum in Figure 1B. 

In order to measure the T1H values for these compo- 
nents, we have combined the T1H inversion-recovery se- 
quence with the 13C-lH dipolar dephasing mechanism. 
Under very careful Hartmann-Hahn matching conditions 
for spectral acquisition, the T1H relaxation values were 
determined for these now-visible components. The results 
are listed in Table 111. Several important features are 
apparent from this table. Unlike the homogeneous re- 
laxation behavior observed for the wood pulp in Table 11, 
the relaxation of the various resonances listed is hetero- 
geneous. Proton spin-lattice relaxation effects are not 
uniform throughout the sample. 

Fe3+ induces shortening of proton spin-lattice relaxation 
times across the board. The residual resonances seen at  
a 13C chemical shift of 74 ppm at an Fe3+ concentration 
of 153 ppm do not have the same T1H as observed for the 
overall wood pulp carbohydrate seen in Table I1 under the 
same conditions. This result suggests that these structures 
may be isolated or different in nature than the majority 
of the cellulose or hemicellulose previously observed under 
the normal noninterrupted decoupling conditions. Fur- 
thermore, these structures may be somewhat more mobile 
in the solid than more rigid cellulose-like domains resulting 
in localized attenuation of the 13C-lH dipolar interaction. 
Such differences in native wood carbohydrate, lignin, and 
aromatic relaxation times would not be inconsistent with 
the fact that molecular weight distributions of poly- 
saccharides in typical wood and plant polymers point to 
their polydisperse nature, as well as their very large size.@ 
Obviously, configurations and conformations of native 
cellulosic units in native wood polymers, which consist of 
approximately 10 000-15 000 glucose residues alone, may 
be such that spatial communication and proton spin dif- 
fusion are segregated or nonhomogeneous in different, 
widely separated polymeric regions. An additional im- 
plication (based upon the proton spin-lattice relaxation 
times in Table 111) is that these structural domains where 
heterogeneous proton T~H’s have been detected are sepa- 
rated by distances in the solid of at least 80-100 A. Similar 
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polydispersity in lignin structure is well d ~ c u m e n t e d . ~ ~  
Lignin is known to undergo linear aggregation and endwise 
p~lymerization.~~ These relaxation properties are some- 
what dependent upon the dimensions of the structural 
domains comprising the PGP. Wood cell microfibrils have 
been studied by electron microscopy. Wood cellulose 
microfibrils tend to range from 100 to 200 A in width. 
Furthermore, lignin as well as disordered cellulose and 
hemicellulose molecules are located interstitially between 
the  microfibril^.^^^ If pure wood has domain sizes of 
100-200 A, the TIH data reported here are in reasonable 
agreement with both the fibrillar nature and microscopic 
estimates of the molecular diameters to be expected of 
ball-milled PGP constituents. These T1H relaxation data 
also show that although long-range order exists among the 
PGP constituents, phase separation of lignin and carbo- 
hydrate has been demonstrated. The data in Table I11 
demonstrate the spatial proximity of the components at- 
tributable to lignin in PGP. The T1H values for the 150, 
135, and 55 ppm lignin resonances are equivalent within 
the experimental uncertainty, indicating rapid spin dif- 
fusion among the components comprising this domain of 
the PGP. However, the lignin T1H values are significantly 
different from the T1H data for the resonance at  75 ppm. 
The proton T1H differences, as seen in Table 111, indicate 
that in large heteropolymers, relaxation parameters may 
provide information concerning the gross morphology of 
the material, as well as data regarding the boundaries to 
effective spin-lattice relaxation ranges in such samples. 
Zumbulyadis has recently shown that multicomponent 
proton relaxation behavior is useful in examining crys- 
talline and amorphous domains in poly(ethy1ene) tere- 
phthalate, and has suggested that proton spin-lattice re- 
laxation times may be used to estimate domain sizes in 
heterogeneous systems, particularly polymers.52 Our work 
extends the utility of this concept to naturally occurring 
solid heteropolymers. 

Finally, the TIH1s for all of the 13C resonances listed in 
Table I11 are shortened as a function of increasing para- 
magnetic concentration. When pure lignin was examined 
as part of our previously described model mixture, the 
proton spin-lattice relaxation time changed from 164.0 to 
73.0 ms when the Fe3+ cotlcentration was increased from 
0 to 1.9%.16 Thus, the T1H fell by approximately 55%. 
The lignin in that system, however, was part of a physical 
mixture and was not influenced by directly bonded cellu- 
lose or carbohydrate. In stark contrast, the data in Table 
I11 of this paper portray the relaxation profile of lignin 
which is part of an overall matrix dominated by cellulose 
and other carbohydrates at the molecular level. The T1H 
values of the lignin resonances listed decrease not by a 
factor of approximately 2, but rather by a factor of ap- 
proximately 10 when comparing the systems at the highest 
and lowest levels of Fe3+. In the earlier work, the differ- 
ences in proton relaxation values between the lignin and 
PGP could be attributed to the fact that these constituents 
exhibited differential affmity for iron.16 The Fe3+ was more 
strongly complexed by the carbohydrate, leaving very little 
iron in the lignin portion of the mixture, thereby resulting 
in less rapid relaxation of this component. The particle 
size in the mixtures used in the earlier study precluded 
rapid spin diffusion from lignin to PGP. The lignin ex- 
amined in this report is an actual portion of the PGP 
structural matrix a t  the molecular level. Thus, the iron 
affecting the carbohydrate comprising the PGP must be 
closer in proximity to the lignin and aromatic wood pulp 
substituents that are being examined. Additionally, the 
presence of the carbohydrate appears to communicate 
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tion times were significantly different (lignin T1H = 164 
ms, carbohydrate T1H = 78.8 Furthermore, although 
the signal-to-noise ratio was low for the low-shielding re- 
gion of the spectrum at approximately 150 ppm (Figure 
lA), the TIH value was calculated to be 40.6 f 20% ms. 
Comparison of this TIH value with those for the 150-155 
and 55 ppm spectral regions in Table I11 (at the lowest Fe3+ 
concentration of 153 ppm) and Table IV indicates that all 
of the relaxation times are within experimental error. 
Thus, the proton spin-lattice relaxation times in the cel- 
lulase-treated sample approach a uniform value which is 
in agreement with the relaxation properties of the non- 
digestible portion of the PGP. These data also further 
support the viability of examining complex materials by 
combining the interrupted decoupling experiment with 
proton spin-lattice relaxation. Previously cited studies 
have shown that enzymatic degradation of lignin-bound 
cellulose is inhibited by the carbohydrate's association with 
l i g r ~ i n . ~ ~ ~ J ~  The prominent peak in Figure 1C at 75 ppm 
shows that residual carbohydrate is present even after 
treatment of the wood pulp with enzyme. The exhaustive 
digestion of the PGP samples with cellulase resulted in the 
removal of nonbound cellulose and the enzymatic degra- 
dation of its internal /3-1,4 linkages. The NMR spectrum 
(Figure IC), however, clearly shows evidence of carbohy- 
drate which is most likely not linked in a /3-1,4 manner, 
but rather is connected by some other means to the aro- 
matic or lignin matrix. The unique TlH'S of this material, 
as seen in Table IV, are consistent with the premise that 
upon removal of nonbound or peripheral cellulose, proton 
spin diffusion between the lignin and carbohydrate is 
complete and homogeneous. The results provide evidence 
for the first, direct observation of lignin-carbohydrate 
complexes in the solid state, and corroborate previous 
indirect evidence for the existence of such species in na- 
ture. Furthermore, the single-valued TlH'S of Table IV do 
indeed show that association of lignin with carbohydrate 
contributes to the stability and structure of lignocellulosic 
polymers. 
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Table i V  
Cellulase-Treated Piceae gla uca Pulp Component T le 

Relaxation Values" 
I3C chemical shiftb 

150 135 75 56 
TLH 41.2 40.6 42.8 40.1 

ama i 5%. bppm. 

paramagnetic relaxation to the lignin components of the 
PGP. In the absence of associated carbohydrate, the 
transmission of paramagnetic relaxation to lignin is 
markedly diminished. Lignin-carbohydrate association 
appears to be evident in these solid-state studies, and 
paramagnetic Fe3+ is an excellent probe in examining in- 
teractions between such structures, particularly as a 
function of proton spin diffusion and relaxation mecha- 
nisms. However, even a t  the highest concentrations of 
Fe3+, the proton spin-lattice relaxation times are still 
somewhat inhomogeneous, indicating that ferric binding 
or association to the wood pulp matrix is localized and site 
specific, corroborating our previous report.16 

'3c CPMAS of Enzymatically Treated Piceae glau - 
ca Pulp. Figure 1C depicts the standard 13C CPMAS 
NMR spectrum of cellulase-treated PGP. A remarkable, 
qualitative similarity is noticeable in the resolvable 13C 
chemical shifts when Figure 1B is compared with Figure 
1C. Due to their nonprotonated nature (OCH3 excepted), 
the interrupted decoupling technique seems to differen- 
tiate the noncarbohydrate components without any 
chemical or enzymatic degradation of the cellulose. Table 
IV lists the proton spin-lattice relaxation times determined 
for the cellulase-treated sample. Note the convergence of 
the TIH values for all of the measurable carbon types. The 
TIH values are homogeneous in all cases based on their 
calculated uncertainties. These results show that all of the 
components of the treated wood are in close proximity in 
the solid state. Another very interesting observation 
centers around the fact that the proton spin-lattice re- 
laxation times in Table IV have converged to the TIH value 
for the methoxyl carbon nuclei as presented in Table 111. 
This result suggests the possibility that phenylmethoxy 
functional groups are associated with the site of bond 
formation and stabilization of lignin-carbohydrate com- 
plexes. Further investigation, however, is necessary to 
clarify this point. However, the analytical data (Table I) 
indicate that the methoxyl concentration more than dou- 
bles when comparing the untreated PGP to the cellu- 
lase-treated PGP. Methyl or methoxyl groups, which can 
undergo rapid propeller-like rotation even in motionally 
rigid solids, can readily dominate the proton relaxation 
times of a material. Consequently, the convergence of 
TIH's (Table IV) may indicate that the methoxyl groups 
act as the primary source of proton relaxation in lignin. 
As the concentration of such groups increases with a si- 
multaneous decrease in nonbound cellulose, the residual 
material becomes more and more physically homogeneous, 
as do the proton spin-lattice relaxation times. Addition- 
ally, since the enzymatically degraded PGP was extracted 
with boiling H 2 0  and filtered, the homogeneity of the 
residual material was further enhanced in that holo- 
cellulose and small molecules were removed at that point. 
The question arises as to whether the convergence of the 
T~H's as a function of enzymatic degradation is merely a 
fortuitous occurrence. Such an event is unlikely in that 
our previous report showed that in physical, nonconnected 
mixtures, the T I H  values of lignin and PGP carbohydrate 
did not coalesce due to large particle size geometry within 
the matrix, and the respective proton spin-lattice relaxa- 
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A New Method To Characterize Curing of Epoxy with Aromatic 
Diamines by Azochromophore Labeling? 

In-Joo Chin and Chong Sook Paik Sung* 
Department of Materials Science and Engineering, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139. Received April 17, 1984 

ABSTRACT: When diepoxide is cured with aromatic diamine, primary amine reacts with the epoxide ring 
to form a secondary amine and eventually a tertiary amine. Due to the significant differences in the reactivities 
of primary and secondary amines, the major reaction products will be the four species H,NRNHR” (A), 
R”HNRNHR” (B), R”HNRNR”, (C), and R”,NRNR”, (D), where R” = CH,CH(OH)-. In order to obtain 
the quantitative composition of these four species during cure, we used a very small amount of p,p’-di- 
aminoazobenzene (DAA) as a label in the DGEBA-DDS epoxy (diglycidyl ether of bisphenol A-diaminodiphenyl 
sulfone). The reactivities of DDS and DAA appear to be similar so as to allow us to  follow the curing as 
manifested by the UV-vis spectral changes of DAA. As epoxy is cured, A,, of the ?r - ?r* transition 
corresponding to the azo bond of DAA shows bathochromic shifts in a way that provides spectral discrimination 
for the products A-D. On the basis of predicted A,, positions and with the assumption of equal extinction 
coefficients among the four products, deconvolution of the spectra shows increasing concentration of C and 
D (branch points and cross-links, respectively) after gelation and increasing concentration of cross-links after 
extensive curing. 

The structure and properties of epoxies are known to 
strongly depend on the extent of cure and of physical aging 
which has taken place after the cure cycle is completed. 
A number of physicochemical techniques have been used 
or developed toward a better characterization of cure and 
physical aging phenomena in epoxies. Among them are 
such techniques as FT-IR spectroscopy,l thermal analyses? 
GPC3p4 (size exclusion chromatography) ,  microdielectro- 
metry: torsional braid analyses: 13C solid-state NMR,7 
thermally stimulated current measurement! fluorescence? 
and ESR spectroscopy.1° While these experimental tech- 
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niques provide useful information on the extent of cure 
and on epoxy structure, there are certain limitations and 
disadvantages associated with each technique. For exam- 
ple, FT-IR fails to monitor later stages of cure when the 
epoxy peak disappears.l’ The use of GPC and of size 
exclusion chromatography is limited to the early stages of 
the curing reaction. Fluorescence and ESR techniques 
mainly measure decreasing mobilities of the label with 
increasing cure  and viscosity but can shed  some light on 
the reaction products. For example, when a nitroxide 
monoamine is reacted with epoxy, Brown and Sandreczki12 
recently observed different ESR spectra which may allow 
spectroscopic monitoring of the initial addition products, 
if the reactivity of the nitroxide is  similar to that of a 
diamine. 

13C MAS-CP (magic angle spinning-cross polarized) 
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