
Polymer Bulletin 17, 231-237 (1987) Polymer Bulletin 
�9 Springer-Verlag 1987 

Crystallinity of cellulose, as determined by CP/MAS NMR 
and XRD methods 

R. Tee&iir TM, R. Serlmaa =**, and 1". Paakkari = 

~Department of Wood and Polymer Chemistry, University of Helsinki, SF-00170 Helsinki, Finland 
2Department of Physics, University of Helsinki, Siltavuorenpenger 20c, SF-00170 Helsinki, Finland 

SUMMARY 
The crystallinity of six cellulose samples with different origin and treatment was 

determined using x-ray diffraction (XDR) and nuclear magnetic resonance with cross po- 
larization and magic angle sample spinning (CP/MAS NMR) methods. The numerical 
results for crystallinity obtained by using curve fitting methods in both cases correlated 
very well. It was concluded that the values for the crystallinity can be determined from 
NMR spectra when CP times not exceeding 0.5 ms are used. The range of order of the 
samples was further characterized calculating the radial atomic density function from 
the x-ray diffraction patterns and determining the greatest distances with significant 
deviations from the average density. 

INTRODUCTION 
Since the first results on high resolution solid state lsC NMR of cellulose by Atalla 

et al. (1) and Earl et al (2) numerous investigators have confirmed the separation of 
the signals from ordered (crystalline) and disordered (amorphous) regions. To verify 
the latter statement it has been shown that intensity of 89 ppm line decreases while 
that of a 84 ppm line considerably increases as a result of ball-nfilling of the sample. 
In case of acidic hydrolysis one can follow "intensity flow" from 84 to 89 ppm line in 
the spectrum of nonhydrolysed residue as a function of the treatment. 13C spin-lattice 
relaxation times indicate much greater molecular movement for 84 ppm carbon atoms 
than in case of 89 ppm. Althought the discussion on the origin of the signals and on the 
splitting of the lines has continued for long time all of the details are not clear at present. 
However, large difference of the chenfical shifts of anhydroglucose units, situating in the 
ordered and disordered regions has seemed attractive for quantitative determination of 
the amount of material in those regions (3-9). 

The direct way of determining the degree of order (crystallinity) in a cellulose 
sample is x-ray diffraction. The crystallinity is defined quantitatively as a weight frac- 
tion, xcr, of crystalline material in the sample. The numerical results in the litterature, 
which are often called "index of crystallinity", are much dependent on the data evalua- 
tion procedure (cf. 10) and on the perfectness of the sample. Ruland's method (11,12) 
gives, at least, in principle values for xc,. However, it is rather tedious for practical 
applications, because it implies great accuracy in data collection and ideal powder sam- 
pie. The average size of the crystallites can be calculated using the well-known Scherrer 
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equation (cf. 10). More information can be obtained by calculating the radial atomic 
density function around an arbitrary atom from the experimental diffraction pattern. 
For example, the greatest distance, at which the deviations from the average atonfic 
density are still significant, characterizes the range of order in the sample. 

Intensities of NMR spectrum should give values for crystallinity, because signals 
from different nuclei are registrated in the same coil at the same time in form of free 
induction decays of nuclear magnetic moments after radio frequency (RF) exitation 
pulse. The integral intensities of the lines in cross polarization (CP) 13C NMR spectrum 
do not necessarily correspond to the number of nuclei in the sample under study because 
of differencies of CP dynamics as well as of proton relaxation differencies for the different 
nuclei or phases in the sample. Fulfilling of condition TClr < < Tee < < Tlpx is usually 
considered sufficient to get adequate quantitative results, when Tcx, Top and TlpH 
are proton-carbon CP time constant, CP time interval used in the experiment, and 
proton spin-lattice relaxation time in the rotation frame, respectively. The practical 
condition is typically 25TeR < 5Tcp < TlpH. Otherwise relative intensity distortions 
occur in the CP spectrum causing systematic errors. Horii et al. (8) found that in 
case of ramie relative distortions do not exceed 3% if CP time of 1 ms is used. In 
their measurements Tlp~ = 15 ms in 69 kHz spin lock field (actually 69 kHz was given 
for carbon H field, but we suppose Hartmann-ttahn condition fulfilled). According to 
our measurements TlpR can be shorter for samples of different origin (and in different 
conditions of cource). Relative intensities of the lines would correspond to the number 
of the nuclei with different chemical shifts in case of simple 13C NMR without CP. 
In practice it is impossible to get such a spectrum because of long carbon spin-lattice 
relaxation times (8,9). Accumulation time for such a spectrum would be several weeks. 

Earlier experiments have indicated (13) that a wide range of numerical values 
are obtained for crystallinity using both XRD and CP/MAS NMR method for the 
same sample. This is due to the fact that there are several possibilities to separate 
overlapping spectral lines and to choose the experimental conditions. The purpose of 
the present study was to minimize the ambiguities between the results obtained by these 
two methods. Therefore, it was decided to measure the crystallinity of several cellulose 
samples using both methods independently. 

EXPERIMENTAL 
13C CP/MAS NMR measurements were carried out using a 50 MHz operating 

pulse spectrometer. Up to 10 000 free induction decays (FID) were accumulated into 1 
K memory before Fourier transform to 4K to get practically noise-free spectra. Sample 
spinning frequency was about 3.5 kHz. During all of the experiments spin-lock and CP 
field strength were 50 kHz. 

To characterize intensity behaviour a set of NMR spectra of microcrystalline 
cellulose (LACHEMA, Czechoslovakia) was recordered with different CP times up to 20 
ms. Proton spin lattice relaxation times in the rotating frame and proton-carbon CP 
time constants for "crystalline" lines were found to be TlpH = 11.8 ms and Tc/~ = 0.31 
ms and for "amorphous" line Tlpg = 6.4 ms and Tell = 0.29 ms for C4 signals. TlpH 
numbers correspond to 50 kHz decoupling field and were calculated from the falling part 
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of the signal intensity curves in the logarithmic scale as described elsewhere (14). TcH 
times were determined to get the best fit of the rise-fall exponents with the experimental 
data points. 

The x-ray diffraction measurements were performed using a powder diffraction 
apparatus and monocromatized CuK~ radiation. To study the effects of preferred ori- 
entation both reflection and transmission modes were used (10). The width of the 
receiving slit was 0.6 mm. The measurements were done in two parts. In the scattering 
angle range 5 ~ < 28 < 40 ~ was 0.25 ~ and 40 ~ < 28 < 100 ~ the angle step was 0.25 ~ and 
0.5 ~ respectively. The measuring time varied from 20 s to 40 s per point for the first 
angle range and from 120 s to 180 s for the second range. The maximum counting rate 
was 2500 counts/second. The samples were in a form of finely divided powder pressed 
slightly in a form of flat cake of thickness of about 1 ram. The samples were rotated 
during the measurements in an evacuated chamber. 

Crystallinity of the following six samples was determined: 1. microcrystalline 
cellulose from cotton linters produced as a result of hydrolysis with 2.5N HC1 at 100 
centigrade during 2 hours, 2. Avicel PH-101 (FLUKA), 3. microcrystalline cellulose 
from LACHEMA, Czechoslovakia, 4. Sigmacel 100 noncrystalline (SIGMA), 5. moder- 
ately well ball-milled (3 h) Czechoslovakian microcrystalline cellulose and 6. extensively 
ball-milled Czechoslovakian microcrystalline cellulose. 

RESULTS AND DISCUSSION 
Figure 1 presents the lac signal intensities as a function of CP time. Intensities 

are normalized to the same amount of and spin temperature of protons at t=0. Ac- 
cording to Mehring (14) in this case lsC signal intensity should be described by the 
formula 

= 1-i -X(1 - t ,  

where A = Tcg/TlpH. Here depolarization of 1H spins as a result of energy transfer to 
the xsc spins is assumed to be neglible as well as relaxation of I3C spins in the rotating 
frame (Tlpc = c~). It can be seen from the curves that there is practically no relative 
intensity distortion when CP times are less than 0.5 ms. After that one can notice a 
monotonically increasing difference between 89ppm and 84ppm CP signals. At 1 ms the 
deviation is about 5 %. Influence of CP time to spectral shape is clearly seen on the 
spectra with different CP times. Therefore, for adequate characterization of absolute 
intensities, CP time should not exceed 0.5 ms (in case of stronger RF fields CP time 
limit can be correspondingly longer). 

The intensities of the spectral lines were determined using a curve fitting proce- 
dure (Figure 2). It could be thought a priori that NMR spectral lines in solid samples 
have a Gaussian shape because they consist of many narrower lines with slightly differ- 
ent chemical shifts. However, the best fit was achieved using combinations of Gaussian 
and Lorenzian functions by varying the shape of the lines. After the fitting 89 and 84 
ppm signals were calculated. As a result NMR factor of crystaUinity was determined as 
a portion of 89ppm line to the total intensity of C4 carbons signals (at 89 and 84 ppm) 
in the simulated spectrum. 
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Figure 1. 13C CP NMR spectral sig- 
nal intensities of 84 and 89 ppm lines 
upon CP time for microcrystalline cel- 
lulose (LACHEMA). Curves are normal- 
ized to equal spin temperature and num- 
ber of protons at t = 0. 

Figure 2. a) The experimental (solid line) 
and fitted (broken line) spectra for 04 
carbon, b) Fitted components of 89 and 
84 ppm lines. 
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Figure 3. The diffraction patterns of 
Sigmacel sample. The upper curve is 
measured using the symmetrical reflec- 
tion mode and the lower one using the 
symmetrical transmission mode. 
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Figure 4. The curve fitting in the case 
of Sigmacel, measured using the symmet- 
rical reflection mode. The experimental 
curve is denoted by crosses and the su- 
perposition of the model curves by open 
circles. 

The x-ray diffraction results for crystallinity were obtained from diffraction pat- 
terns by separating the reflections from tile background by a fitting procedure. The 
reflections were simulated by Gaussians and the model function for the background 
was a scattering curve of a totally amorphous cellulose sample (10). The results were 
normalized to correspond to the value of crystallinity of a standard Avicel sample deter- 
mined by Ruland's method (11,12) by Fink (15). The final results were calculated as an 
weighted average of the ones obtained by reflection and transmission measurements to 
minimize the effects of preferred orientation (10). Examples of the diffraction patterns 
and of the curve fitting procedure are given in Figures 3 and 4. 

The final comparison of results is given in Table 1 and Figure 5 where the crys- 
tallinity obtained by CP/MAS NMR is plotted against the crystallinity by XRD. The 
agreement between the results is very good. It is to be noted that the XRD method 
resulted in the values of crystallinity of 0.54 and 0.67 for Avicel and cotton linter, re- 
spectively. The earlier values used for the normalization of the data are 0.55 and 0.66 
measured for different samples using Ruland's method. The small deviation proves the 
precision of the XRD method. 

To characterize the range of order in the samples the radial atomic density func- 
tion (RDF) was calculated (16): 

2r/  
RDF(r )  = 47rrZpo + 7r Jo k I ( k ( f )  2 s inkrdk,  

where I (k)  is the experimental coherently scattered intensity, k is the magnitude of the 
scattering vector, P0 is the average atomic density and (f) is the averaged scattering 
fac tor  The first term describes the average radial atomic density of the sample and 
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Figure 5. The crystallinity obtained by 
CP/MAS NMR against the crystallinity 
by XRD. Numbers refer to the samples. 
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Figure 6. The pair correlation function, 
PCF(r), of Sigmacel sample. 

Table 1. The XRD parameters which characterize the crystalline state of three cellulose 

greatest distance 
samples. 

sample 
from PCF 

[AI 

55 

45 
35 

I. cotton 
2. Avicel 
3. LACHEMA 
4. Sigmacell 
5. milled 3h 

crystallinity 

Xcr 

XRD NMR 
i 

0.67 I0.69 
0.54 0,52 
0.46 !0.48 
0.35 t 0.33 
0.19 0.22 

tryst, size 
from refl. 002 

64 
45 
49 
44 
43 

the second term the deviations from the average density. For practical use the so called 
pair correlation function (PCF) were calculated dividing RDF by the average radial 
atomic density of the sample: PCF(r)  = RDF(r)/47rrZpo. The resolution in real space 
is limited as the largest k reached by CuK~ radiation is not very high, so the features 
of functions cannot be discussed in detail, but the range of order in the sample can be 
characterized by determining the distance after which the deviations vanish in PCF. 
One of the functions obtained is presented in Figure 6 and the results are compared 
in Table 1 with the values of crystallinity obtained by XDR method and the average 
linear dimensions of crystallites perpendicular to the fibre axis. These values have been 
calculated from the halfwidth of the 002 reflection using Scherrer's equation. There is a 
linear dependency of the crystallinities and the greatest distances from the PCFs, but 
the average linear dimension obtained by curve fitting from the 002 reflection seems not 
to be sensitive to the changes in the range of order in the samples. 
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