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Effect of Water in the I3C CP/MAS NMR Spectrum of White 
Spruce Wood 
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ABSTRACT Improved resolution and signal-to-noise ratio were observed for the 13C CP/MAS NMR spectra 
measured for white spruce wood saturated with water, in comparison to that measured for dry wood. Variable 
contact time experiments illustrated that the cross-polarization step of the CP/MAS NMR technique was 
more efficient for the wet sample and that the presence of water had a larger effect on the carbohydrate 
component than the lignin component of the wood 

Introduction 
Extensive studies have been performed on the analysis 

of cellulose macromolecules of varying crystallinity and 
conformation by using the 13C CP/MAS (cross-polariza- 
tion/magic angle spinning) NMR In some 
cases,1h12 it was noted that the hydration of cellulosic 
materials resulted in line narrowing of the NMR spectra. 
The recent study by Horii et al.1° illustrated how the 
presence of excess water in samples of cotton increased the 
resolution of some of the lines in the 13C CP/MAS NMR 
spectrum. The decrease in the line widths was attributed 
to relaxation effects where a more ordered structure was 
possible due to the presence of water. Similar hydration 
effects were noted in the 13C CP/MAS NMR spectra of 
1,3-/3-~-glucans" and various native cellulosic materials." 

There were two objectives for the present study. Firstly, 
the effect of hydration on the 13C CP/MAS NMR spec- 
trum of a sample of white spruce wood was investigated 
to determine if the lignin component would undergo the 
same line narrowing as that observed for cellulose. Sec- 
ondly, a variable contact time analysis of wet and dry white 
spruce was performed to give further insight to the ob- 
served hydration effects. 

Experimental Section 
Sample Preparation. In preparation for the NMR mea- 

surements, air-dried white spruce (Picea Glauca) chips were 
ground to pass 40 mesh in a Wiley mill. Samples saturated with 
water were prepared by introducing approximately 0.5 mL of 
distilled water to 250 mg of ground wood. The effect of the extent 
of hydration was not investigated in the present study. Such a 
study was performed by Horii e t  al.,1° who had observed a 
maximum effect of hydration using saturated samples. As a result, 
only saturated samples were used in the present investigation. 

NMR Measurements. The 13C CP/MAS NMR spectra were 
obtained by using a Bruker CXP 200 NMR spectrometer, op- 
erating at resonance frequencies of 200 and 50.3 MHz for protons 
and carbon-13 nuclei, respectively. Spin-locked cross-polarization 
was used to establish the single contact Hartmann-Hahn con- 
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d i t i ~ n . ' ~  A delay time of 1 s was used between successive sampling 
pulses. For a 20-kHz spectrum, between 8000 and loo00 scans 
were accumulated for each experiment. Phase alternation was 
used throughout the signal acquisition to minimize base-line and 
intensity artifacts. 

The magic angle setting was adjusted by monitoring the 7%r 
spectrum of potassium bromide.14 This was facilitated by adding 
20-50 mg of KJ3r to each sample before packing the Kel-F rotor. 
A spinning rate of 2.5 * 0.5 kHz was used in all NMR mea- 
surements. The  chemical shifts were measured relative to  tet- 
ramethylsilane (Me4Si) using benzene as an  internal reference. 

Variable contact time experiments were performed by using 
an  automation program available on CXP NMR software. The 
contact times ranged from 0.01 to 6 ms. 

Results 
Figure 1 illustrates the 13C CP/MAS NMR spectra ob- 

tained for dry and wet white spruce at  a contact time of 
1 ms. The peaks at 150 and 56 ppm correspond to the C ,  
C4 aromatic carbons and methoxyl groups of lignin (l), 
respectively. The peak at  105 ppm corresponds to the C1 
anomeric carbon of cellulose (2). For both cellulose and 

I 
C. 

1 - 2 - 
hemicellulose, the C4 carbons appear at 85 and 89 ppm, 
the C6 carbons at  62 and 66 ppm, and the Cz, Cs, C5 car- 
bons at  74 and 77 ppm. The acetyl methyl carbon of 
hemicellulose appears a t  22 ppm. 

By comparing the two spectra in Figure 1, it can be seen 
that the resolution of the peaks is far better for the wet 
sample than the dry one. This is particularly true for the 
carbohydrate peaks. Due to the convolution of these peaks, 
it is not possible to accurately measure the line widths. As 
a result, an assessment of the resolution enhancement can 
only be made qualitatively. 
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Figure 1. 13C CP/MAS NMR spectra obtained for (a) wet and 
(b) dry white spruce wood. 

Table I 
Improvement in the Signal-to-Noise Ratio of the Peaks in 

the 'SC CP/MAS NMR Spectra of Dry and Wet White 
SDruce Wood 

9i 
immove- 
mint in 

signal-to-noise ratio signal-to- 
peak, ppm dry wood wet wood noise ratio 

150 1.8 2.8 1.6 
105 
89 
85 
71 
74 
66 
62 
56 
22 

8.2 
3.5 
4.1 

17.8 
18.3 
6.2 
6.3 
4.0 
1.3 

23.7 
10.7 
10.6 
46.1 
51.2 
16.3 
14.8 
10.7 
3.7 

2.9 
3.1 
2.6 
2.6 
2.8 
2.6 
2.3 
2.1 
2.8 

The signal-to-noise ratio of the spectrum measured for 
the wet wood improved by as much as 3 times, in com- 
parison to that of the dry wood. Values of the signal-to- 
noise ratio determined for the spectra shown in Figure 1 
are given in Table I. For the carbohydrate peaks, the 
average signal-to-noise improvement was found to be 2.7. 
The peak corresponding to lignin a t  56 ppm also had an 
increase in signal-to-noise ratio of 2.7, while that of the 
aromatic carbon peak at  150 ppm was only 1.6. 

To determine the optimum contact time corresponding 
to each peak in the CP/MAS spectrum, the absolute in- 
tensity (measured as peak height) of each peak is plotted 
as a function of contact time. The optimum contact time 
is thus the maximum point of the curve. This is illustrated 
in Figure 2, for the peaks at  105 and 150 ppm. In this 
manner the optimum values of the contact time were de- 
termined for each peak and are given in Table 11. 

It is interesting to note that the contact times obtained 
for the wet sample are shorter than those of the dry wood. 
It is also apparent that the carbohydrate components of 
wood are influenced to a larger extent than the lignin 
fraction. On the average, the difference between the dry 
and wet contact time was 12% for the peaks corresponding 
to lignin, and 32% for those corresponding to the carbo- 
hydrates. 

Discussion 
From the results presented, it is clear that hydration has 

an effect on both the carbohydrate and lignin components 
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Figure 2. Natural logarithm of the absolute intensity ( I )  of peaks 
at 105 and 150 ppm as a function of contact time, for dry and 
wet white spruce wood. 

Table I1 
Optimum Contact Time Values Obtained for Dry and Wet 

White Spruce Wood 
optimum contact time 

peak, pm dry wood wet wood % difference 
150 
105 
89 
85 
77 
74 
66 
62 
56 
22 

1.26 
0.66 
0.69 
0.63 
0.54 
0.54 
0.57 
0.58 
0.77 
0.69 

1.15 
0.53 
0.41 
0.45 
0.39 
0.45 
0.42 
0.34 
0.67 
0.60 

9.1 
21.8 
50.9 
33.3 
32.3 
18.2 
30.3 
52.2 
13.9 
14.0 

of wood. The improvement in signal-to-noise ratio, as well 
as the difference in the optimum contact time, was greater 
for those peaks in the 13C CP/MAS NMR spectra which 
correspond to aliphatic carbons (cellulose, hemicellulose, 
and lignin from 105 to 22 ppm), in comparison to aromatic 
carbons (lignin, 150 ppm). 

There are two mechanisms which may help to explain 
these results. The first mechanism is that suggested by 
Horii et al.*O based on a CP/MAS study of cotton con- 
taining varying amounts of water. The presence of water 
apparently relaxed the noncrystalline regions to a more 
ordered state, thus resulting in narrower lines and en- 
hanced resolution. A similar observation was made by Fyfe 
et al." by comparing X-ray diffraction patterns of dry and 
hydrated curdlan and paramylon. In the case of white 
spruce wood, the reordering of the microstructure of the 
carbohydrates due to the hydration would give rise to an 
enhanced resolution of the corresponding peaks in the 
NMR spectrum. However, it is unlikely that the carbon 
nuclei of the lignin component of wood would benefit from 
relaxation to a more ordered state. This is due to the fact 
that the native lignin in wood is a three-dimensional 
network p01ymer.l~ The amorphous nature of lignin would 
prevent any relaxation to a more ordered conformation. 
As a result, it is not unexpected to fiid that the line width 
of the peak at  150 ppm, corresponding to the aromatic 
carbons of lignin, does not change upon hydration. 

The fact that the peaks corresponding to lignin at 150 
and 56 ppm have improved signal-to-noise ratios, as well 
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as shorter optimum contact times, suggests that there is 
another mechanism to giving rise to the observed results. 
From the contact time data, it is evident that cross-po- 
larization, where magnetization is transferred from the 
proton spin reservoir to that of the carbon nuclei, is more 
efficient for the wet sample. Thus, as a second mechanism, 
it is possible that the presence of water might assist the 
cross-polarization step through hydrogen bonding. In this 
case, carbon nuclei adjacent to hydrogen-bonded sites 
would experience a more efficient magnetization transfer. 
In other words, the aliphatic carbons of the carbohydrate 
and lignin would undergo larger hydration effects than the 
aromatic carbons of lignin. This was found to be the case, 
as can be seen from data given in Tables I and 11. The 
improvement in signal-to-noise ratio upon hydration was 
more than 50% higher for the aliphatic carbons in com- 
parison to the aromatic carbons. In addition, the difference 
in optimum contact times was more than 100% greater for 
the aliphatic carbons. 

Concluding Remarks 
It is evident from the results presented that the presence 

of excess water in the wood sample has a significant effect 
on the 13C CP/MAS NMR spectra. Although the average 
optimum contact time for both dry and wet samples is 
roughly 1 ms, there is a considerable enhancement in 
resolution and signal-to-noise ratio for the wet sample in 
comparison to the dry sample. There is a tremendous 
advantage in using wet samples since much less time is 
required to obtain a spectrum with a good signal-to-noise 
ratio. 

The results presented are important with respect to the 
semiquantitative analysis of 13C CP/MAS NMR spectra 
of wood and pulp. When studying the effect of a particular 
process on the components of wood, it is common practice 
to compare the spectra measured for the different samples, 
as for example in chemical pulping,16J7 thermomechanical 
pulping,'* chemimechanical p~lp ing , '~  biochemical degra- 
dation,20 biomass transformation,21 and steam explosion 
and hydrolysis p r o c e ~ s e s . ~ ~ - ~ ~  The improved resolution 
obtained using wet samples presumably allows for a better 
comparison to be made between spectra. In addition, the 
increased signal-to-noise ratio allows more reliable infor- 
mation to be extracted from the spectra. 

It is known that the cross-polarization efficiency is de- 
pendent on the proton rotating frame relaxation time. 
Therefore, shorter relaxation times would also give rise to 
a shorter optimum contact time. A detailed study of the 
effect of hydration on relaxation times is the subject of 
future work, in order to support the second mechanism 
proposed in this paper. If hydrogen bonding is indeed the 

Macromolecules, Vol. 20, No. 7, 1987 

predominant factor, giving rise to the signal-to-noise ratio 
enhancement and thus much shorter acquisition times, 
then it is conceivable that this concept may have general 
applicability to other polymer systems. 
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