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Synopsis 
Samples of ordinary “ash-free” cellulose papers and similar samples decrystallized by 

swelliig in liquid ammonia were pyrolyzed in vacuo to a weight loss ranging from <O.l% 
to nearly 20%. The samples were then nitrated and their molecular weight distributions 
determined by gel permeation chromatography. When weight loss reached 1%, both 
the ordinary and the ammonia-swelled celluloses showed a large drop in average degree 
of polymerization (D.P.). However, the ordinary cellulose showed this sharp drop long 
before tbere was any measurable weight loss; the ammonia-swelled cellulose changed 
D.P. only gradually in the early stages. Further, x-ray diffraction measurements showed 
that by the time the D.P. of the ammonia-swelled cellulose had dropped appreciably, the 
material had developed a significant crystalline pattern. These results support the sug- 
gestion that initial rupture of the cellulose molecule OCCUIS a t  strain points at the crystal- 
line-amorphous boundaries. 

INTRODUCTION 
The thermal decomposition of cellulose involves at least two competing 

sequences of reactions in proportions depending, inter alia, on the crystal 
structure of the cellulose.’ Although almost all studies of crystallinity and 
accessibility in cellulose indicate the existence of ordered (crystalline) and 
disordered (amorphous) regions in the matrix, the exact shape and distribu- 
tion of such regions are still in dispute. One of the simplest descriptions 
pictures naturally occurring cellulose as consisting of sharply demarcated 
alternating crystalline and amorphous regions.2 Hydrolysis of the smaller 
“amorphous” fractions has been used by Battista and Smith2 to produce 
“microcrystalline cellulose” with a leveling-off average degree of polymer- 
ization (D.P.) below 2bO. Similarly, other  investigator^^.^ have found that 
by the time cellulose was pyrolyeed to only about 2% weight loss, its aver- 
age D.P. had dropped from about 2000 to about 200, subsequently dropping 
only slightly through an additional weight loss of 50%. 

When Broido and Weinstein5 found that weight loss in low-temperature 
cellulose pyrolysis was preceded by an “incubation period’’ of negligible 
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weight change, it became of interest to see if the initial sharp drop in D.P. 
actually occurs during this period, that is, before the first 1% or 2% weight 
loss. If so, this sharp drop could be explained by assuming that formation 
of crystalline regions in cellulose introduced an increasing strain in the mole- 
cule and that, when such a strain was sufIiciently severe, it prevented con- 
tinuing crystal growth until relieved by an amorphous region. When the 
material is heated, rupture would then occur at the sites of maximum strain 
-the boundaries between the crystalline and amorphous regions. If this 
explanation were correct, then decrystallized cellulose, which should have 
no such strain points, should not show the same sharp drop in D.P. Finally, 
for all such experiments, we were interested in determining the size distribu- 
tion of the molecules rather than just the average D.P. 

EXPERJMENTAL 

Materials 
Parallel studies were conducted on samples of “ordinary” and “decrystal- 

lized” cellulose. The ordinary samples were cut from Whatman #541 
“ashless” filter (ash content less than 0.008%). The amorphous samples 
were cut from similar papers which had been swelled in liquid ammonia.’ 
Removal of the swelling agent was confirmed by nitrogen analysis and by 
comparing the thermogravimetric analysis (TGA) curve with that pre- 
viously obtained.6 Rectangular samples of approximately 250 mg were 
vacuum dried mm Hg) over PZOs for a t  least 16 hr a t  room tempera- 
ture before pyrolysis. 

For D.P. determinations, the heated samples and the controls were 
nitrated by the conventional procedure? and aliquots submitted for nitrogen 
analysis by the ultramicro method.g In all but one case discussed subse- 
quently, the nitrogen content of the samples fell in the range of 13.3- 
13.7%, so no correction for incomplete nitration was needed. 

Pyrolysis Apparatus 
Most of the samples were dried and pyrolyzed individually in a TGA 

apparatus only slightly modified from that described previously.g The 
power-proportioning temperature programmer was set a t  5” C/min to heat 
the samples (except the controls) to a certain weight loss or, when weight 
loss was negligible, to a chosen temperature. To ensure that the weight 
loss was not due to adsorbed water, the heated samples were initially heated 
to 175”C, cooled to room temperature, and then heated to the desired tem- 
perature or weight loss. In all these cases, the weight of the sample at  
175” was the same in the second heating step as in the first. The initial 
heating also served as a check on the linearity of the instrumental drift 
caused by thermomolecular flow and electrostatic effects in the system? 

To eliminate the possibility of slight differences in temperature histories 
for successive experiments with the two types of samples, we conducted a 
final series of experiments with both ordinary and decrystallized cellulose 
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heated simultaneously. These last experiments were confined to the tem- 
perature region of trivial weight loss. Therefore, no attempt was made to 
follow the individual weight changes, and the initial heating-cooling 
sequence was eliminated. 

Gel Permeation Chromatography 
To determine molecular weight distributions, we dissolved cellulose 

nitrate samples in tetrahydrofuran (THF) to a concentration of 0.15 g/lOO 
ml. The dissolved samples were then filtered, using a Waters Associates 
pressurized filter, for gel permeation chromatography (GPC). The GPC 
apparatus was a Waters Associates Model 200 equipped with an automatic 
six-station sample injection system and modified for computer-controlled 
~peration.~ .lo 

The GPC system was calibrated against polystyrene standards and an 
appropriate model was used to calculate molecular weights." Compari- 
sons with viscometric measurements of the same cellulose nitrate solutions 
gave agreement within 10% in the retention range for which standards were 
available, with increasing deviation at higher D.P. The size of the devia- 
tions depends somewhat on the particular model assumed here and in the 
literature sources of data. As a further check at  the low molecular weight 
end, measurements were repeated using the best available standard, micro- 
crystalline cellulose. Even for this material, however, D.P. values re- 
ported in the literature are variable-ranging a t  least from 150 to 200. In 
any case, applicable data corrections should not affect the major conclusions 
of this paper. 

X-Ray Diffraction 
Diffraction spectra on the "ordinary" control material and all of the 

ammonia-swelled samples were obtained on fractions mounted as previously 
reported.' For added protection, the mounted samples were kept in a 
desiccator and removed only for mounting on the General Electric XR-5 
Mractometer used. A constant-power setting of 50 kV, 30 ma was used 
to get a Ni-filtered Cu Ka! x-ray beam. Slits of 1" and 0.1" for the tube and 
detector, respectively, were used. 

Viscosity 
Samples were dissolved in THF by shaking for 1 hr a t  room tempera- 

0.01"C. ture before equilibrating in a water bath controlled at  25.11 
An Ubbelohde viscometer was used for the measurements. 

RESULTS AND DISCUSSION 
With the exception of the samples pyrolyzed to over 15% weight loss 

(samples 0-6A and 0-6A in Table I), all nitrated samples dissolved readily 
in THF. Nitrated samples of 0-6a and D-6a dissolved very slowly and in- 
completely. The N content of sample 0-6a was more than 13% and 
approximated that of the readily soluble samples. Hence, it seemed un- 
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TABLE I 
Change in WeighbAverage Degree of Polymerization With Heat 
Treatment of Ordinary and Ammonia-Swelled Cellulose Samples 

Weight 
Sample no. loss, % (13.P.k (D.P.),,.k Polydispersity 

Microcrystalline cellulose 

Ordinary cellulose 
standardb 

0-1 
0-20 
0-3' 
0-4 
0-5 
0-6a 

0-6b 
Decrystallired cellulose 

D-1 
D-20 
D-3' 
D-4 
D-5 
D-6a 

D-6b 

0 

0 
d 
d 

1.02 
5.68 

15.46 

0 
d 
d 

1.05 
3.98 

17.60 

180 

2650 
600 
520 
375 
350 
205 

220 

1970 
1580 
1230 
410 
260 
85 

145 

190 

2200 
460 
455 
420 
340 
170 

180 

1450 
1140 
700 
390 
200 
50 

60 

1.81 

2.10 
3.07 
1.92 
1.97 
1.87 
2.23 

3.40 

2.00 
2.06 
2.37 
2.20 
1.99 
2.03 

3.10 

a Computed from GPC data. 
b D.P. by viscometry = 200. 
0 Heated to  175". 

0 Heated to 225". 
Negligible weight loss. 

likely that the difficulty in solubility could be attributed to incomplete 
nitration. For sample D-6a1 the nitrogen content was only 12.7%, so in- 
complete nitration was a possible explanation. In any case, aliquots of 
both samples were renitrated, and, although nitrogen analysis showed no 
significant change for either sample, both renitrated samples dissolved with- 
out difficulty. The ease of solution for the renitrated sample can probably 
be explained by an alteration in the physical state of the sample. On re- 
nitration, the sample became more brittle and powdery. The decreased 
particle size thus provided increased surface area to facilitate solvent- 
polymer interaction. 

The GPC analyses of the fraction that dissolved for the singly nitrated 
sample (0-6a) and the renitrated sample (0-6b) showed an increase in 
weight-average D.P. from 205 to 220. The polydispersity index indicated 
a wider molecular weight distribution for 0-6b. The elution curves (Fig. 
1) show 0-6a and 0-6b peaking a t  D.P. 170 and D.P. 180, respectively, and 
an increase in the higher-D.P. components for 0-6b. It appears that in the 
incomplete solution of the sample, the higher-D.P. components were pref- 
erentially left behind in the insoluble fraction. This effect was even more 
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pronounced for the decrystallized cellulose. Renitration increased the 
weightraverage D.P. from 85 to 145. Although curves D-6a and D-6b 
(Fig. 2) are quite similar from the low end through the peak, curve D-6a 
drops off much more sharply at the high-D.P. end. 

Fig. 1. Change in molecular weight distribution curves with heat treatment for ordinary 
cellulose. 

Fig. 2. Change in molecular weight distribution curves with heat treatment for ammonie 
swelled cellulwe. 
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For the ordinary cellulose, a remarkable drop on D.P. occurred by the 
time the sample was heated to  175°C-long before a loss in weight was ob- 
served. Progressive heating of the cellulose caused only a small additional 
decrease in D.P. (Table I). The rate of decrease was progressively slower, 
indicating a leveling-off of the D.P. The average D.P. for sample 6 ap- 
proaches that reported by both Golova and Krylova3 and Halpern and 
Patai4 and that of microcrystalline cellulose which is suggested to be the 
length of a single crystallite. 

The shift in the entire distribution curve accompanying the decrease in 
average D.P. (Fig. 1) occurs in a straightforward way. After the initial 
marked shift, the elution curves change only slightly, in agreement with 
the concept of a leveling-off D.P. 

The pattern of change in D.P. as the amorphous cellulose samples were 
heated to various stages of pyrolysis was quite different (Table I). At 
1% weight loss,..the D.P., in fact, had fallen to a value comparable to that 
of regular cellulose at  1% weight loss. However, for the less severe treat- 
ments-heating to 175" and 225"-0dy a relatively small decrease in D.P. 
occurred. On the other hand, with continued heating the D.P. decreased 
faster than did that of regular cellulose and to much lower values. Thus, 
at 17% weight loss, the D.P. was lower than that of the microcrystallie 
cellulose. 

A continuously shifting molecular weight distribution for the ammonia- 
swelled cellulose accompanies the continuous drop in D.P. (Fig. 2). The 
distribution curve for sample D-5 is remarkably simiIar to that for micro- 
crystalline cellulose from the low end through the peak, but sample D-5 
contains appreciably more of the higher D.P. fractions. The curve for 
sample D-6 is clearly to the left (lower D.P.) of that for microcrystalline 
cellulose. 

These results provide evidence for the presence of strain points in the 
ordinary cellulose structure and suggest that these strain points occur a t  
regular intervals comparable in magnitude to the length of a single crystal- 
lite. On the other hand, ammonia-swelled cellulose samples lack the reg- 
ular crystalline and amorphous site arrangement found in ordinary cellulose. 
The drastic drop in D.P. on initial heating does not occur because strain 
points for the cleavage are nonexistent in the "decrystallized" samples. 
However, as noted by Weinstein and Broido,' heating such material 
rapidly restores crystallinity, and the x-ray diffraction spectra of these 
samples (Fig. 3) indicate that this effect occurs early in the heating schedule. 
Thus, by 175"C, the amorphous sample has already begun to acquire some 
crystalline structure. By 225OC, this crystallinity is quite clearly indicated, 
e.g., by the appearance of the minimum around 18". When weight loss 
reaches 1%) much of the ultimate crystallinity has been regained by the 
sample. Note the definite minimum around 18". Crystallinity indices, 
calculated according to Segal et aL1* for samples 4,5, and 6, are comparable. 

The major implications of these results are highly dependent on the heat- 
ing regimen before any significant weight loss can provide an additional 

I 
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TABLE I1 
Change in Viscometric Degree of Polymerization for Ordinary 

and Swelled Samples Heated Simultaneously 

Maximum 
temperature 

Ambient 
175°C 
185OC 
195°C 
225°C 

Degree of polymerization 

Ordinary NHaswelled 

1100 
820 
710 
460 
290 

1140 
1170 
1170 
900 
560 

175T 

weight loss 

ii 
L - 

l7.6 X 
weight loss 

Fig. 3. X-Ray diffraction spectra of the heated ammonia-swelled cellulose samples. 

check on small differknces in successive experiments. Therefore, we con- 
ducted an additional series of experiments. For each experiment in this 
series, two samples, one of ordinary cellulose and one of the N&-swelled 
material, were mounted together in the apparatus and heated simultane- 
ously a t  so/& to the desired temperature. Upon reaching this tempera- 
ture, the furnace was lowered and the samples cooled. Each sample was 
then nitrated and its average D.P. determined viscometrically. Elimina- 
tion of the initial heating-cooling cycle provided a somewhat different 
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temperature history for these samples than that of the earlier experiments. 
The results (Table 11) are in essential agreement with those obtained earlier. 

In  relating the GPC and the x-ray diffraction results, then, a reasonable 
explanation for the decrystallized cellulose results is suggested. When 
heated to 175-185"C, the amorphous sample has started to develop some 
crystalline structure, but not enough rearrangement has taken place to 
permit a significant amount of cleavage at  strain points. When heated to 
225"C, more strain points have been created and further cleavage has 
caused a further slight decrease in average D.P. When weight loss is 1%, 
much of the ultimate crystalline cellulose structure had been restored so 
that a more extensive breakdown has occurred. 

The subsequent further decrease in D.P. for the NH3-swelled samples 
indicates that in the process of regaining crystalline structure, more cleavage 
points were created than existed before swelling, i.e., in the restored crystal- 
line structure the crystallite size is smaller. We have no direct evidence 
concerning the crystallite size in the recrystallized material. Unfortu- 
nately, the most reliable method of determining crystallite size-hydrolysis 
to a leveling-off D.P.-cannot be used because wetting the decrystallized 
material causes rapid restoration of crystallinity. 

CONCLUSIONS 

This study has provided evidence that : 
1. Fracturing of the cellulose molecule to smaller polymer lengths occurs 

before any measurable weight loss takes place. 
2. In amorphous cellulose, some rearrangement to  a crystalline struc- 

ture takes place before a detectable weight loss. 
3. The decrease in the degree of polymerization of the decrystallized 

cellulose follows the development of crystallinity. 
The results support the contention that in the ordinary cellulose struc- 

ture, strain points exist where cleavage occurs, giving rise to  much shorter 
polymeric chains. Further, the fact that the leveling-off D.P. on pyrolysis 
of ordinary cellulose approaches the D.P. of microcrystalline cellulose 
supports the argument that the strain points occur at  the crystalline- 
amorphous interfaces. 
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