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Communications to the Editor

Transformation of Native Cellulose Crystals
Induced by Saturated Steam at High
Temperatures

Cross-polarization /magic-angle spinning (CP/MAS) 13C
NMR spectroscopy has proved to be very useful in char-
acterizing crystalline and noncrystalline regions of cellu-
lose.!?* However, the origin of the fine multiplicities ap-
pearing in the crystalline resonance lines still remains a
controversial problem. Two models!®*'15 have been pro-
posed, which indicate that all native celluloses are a mix-
ture of two crystalline modifications although each mod-
ification is differently defined in the two models. In
contrast to these proposals, we have recently found by
using a computer-line-shape analysis® that relative in-
tensities of the C1 and C4 triplets are not explained in
terms of a linear combination of two crystalline modifi-
cations based on either model. Moreover, the crystalline
spectra of native cellulose, which were successfully sepa-
rated from the noncrystalline components by using the
difference in °C spin-lattice relaxation times T, are
classified into two types, cotton-ramie type and bacteri-
al-valonia type. Although these spectra were referred to
as celluoses I, and I,, respectively, both spectra seem to
be composites of different crystal forms in accord with
previous proposals.’®11% The main cause of the unsuc-
cessful interpretation of the experimental spectra in terms
of their models may be inappropriate identification of the
spectrum of each pure crystal form.

For the purpose of solving the controversial problem of
cellulose crystals, it is very important to obtain more in-
formation about cotton-ramie type and bacterial-valonia
type crystals, which are also here referred to as celluloses
I, and I, for convenience although such nomenclature may
not be exact in crystallography.?? In a previous paper!®
we reported that cellulose I, was readily transformed into
cellulose I, when the sample was regenerated from cellulose
triacetate which was prepared under a low swelling con-
dition. Similar transformation from cellulose I, to I, was
also recognized in the case of the regeneration from cel-
lulose III;.%! In contrast to this peculiar transformation
of cellulose I, cellulose I, crystals stay almost unchanged
during these processes. In an attempt to examine the
interconversion between cellulose I, and I in a more direct
way, we have studied in this paper the possible transfor-
mation of the crystals induced by saturated steam at higher
temperatures.

The cellulosic materials used are bacterial and valonia
celluloses, the crystals of which are referred to as cellulose
I, and cotton cellulose, which contains cellulose I, crystals.
After conventional purification, these samples were sub-
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Figure 1. CP/MAS 3C NMR spectra, 50 MHz, of valonia cel-
lulose treated with steam at different temperatures: (a) original;
(b) 230 °C; (c) 245 °C; (d) 260 °C; (e) 280 °C.

jected to annealing by saturated steam at 230-280 °C for
30 min in an autoclave. In this case each sample was kept
in the vapor phase by fixing it with glass fiber sheets and
stainless steel nets without contact with the liquid phase.
CP/MAS 3C NMR measurements, at 50 MHz were per-
formed on a JEOL JNM-FX200 spectrometer using a
magnetic field of 4.7 T for the annealed samples in the
hydrated state and using a MAS rotor with an O-ring
seal.'¥%® The experimental conditions are almost the same
as described in the previous papers.!®?° The chemical
shifts relative to tetramethylsilane (Me,Si) were deter-
mined by assuming the crystalline peak of linear poly-
ethylene to appear at 33.6 ppm.%’

Figure 1 shows 50-MHz CP/MAS 3C NMR spectra of
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Figure 2. CP/MAS 3C NMR spectra, 50 MHz, of cotton cellulose
treated with steam at different temperatures: (a) original; (b)
230 °C; (c) 260 °C.

valonia cellulose which were treated with saturated steam
at different temperatures for 30 min in an autoclave. For
comparison, the spectrum of original valonia cellulose is
also shown in Figure 1a; it exhibits typical cellulose I, type
multiplets.? It is clear that these multiplets are converted
to different multiplets, which seem to be almost identical
with cellulose I, type multiplets, with increasing steam
annealing temperature: in the C1 triplet, the central line
decreases in intensity with increasing annealing tempera-
ture, whereas the lines on both sides of the triplet increase
in intensity. As a result, the C1 line becomes a doublet
with almost identical intensities above 260 °C. Concom-
itantly, the C4 triplet also changes to a doublet as a result
of the reduction of the downfield line and the increase of
the upfield line. Compared to the change in the lines at
both sides of the C4 triplet, the intensity of the central line
seemingly stays constant. The C6 line is subjected to
almost the same effect as the C1 triplet; this line is also
composed of a triplet although it is not clearly recognized
in this figure. The annealing induces a reduction of the
central line and an increase in intensity of the side lines,
resulting in the appearance of the doublet above 260 °C.
On the other hand, the C1 and C4 noncrystalline reso-
nances, which correspond to small broad lines at about 85
and 63 ppm,*39 respectively, do not change significantly
in relative intensity, suggesting almost no change in the
degree of crystallinity. Similar annealing effects were also
observed for bacterial cellulose, which exhibits the same
crystalline spectrum (cellulose 1) as valonia cellulose.

Figure 2 shows the CP/MAS 3C NMR spectra of ori-
ginal and steam-treated cotton celluloses. Since the degree
of crystallinity of this sample is not high compared to that
of valonia cellulose, it is not easy from this figure to de-
termine the effect of annealing on the crystalline compo-
nent. Particularly in the C1 resonances the crystalline and
noncrystalline contributions are superimposed.

Figure 3 shows the spectra of the crystalline components
of the original and annealed cotton celluloses, which were
recorded by using the difference in ®C spin-lattice re-
laxation times between the crystalline and noncrystalline
components, 8913141820 The delay time to suppress the
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Figure 3. CP/MAS *C NMR spectra, 50 MHz, of the crystalline
components of cotton cellulose treated with steam at different
temperatures: (a) original, (b) 230 °C, (¢) 260 °C.
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Figure 4. Line-shape analyses for the C1 resonance lines of cotton

cellulose (a) and valonia cellulose (b) treated with steam at 260
and 280 °C, respectively.

noncrystalline contribution was 100 s throughout this work.
As is clearly seen in Figure 3, the annealing effects are not
as evident in cotton celllulose compared to the case of
valonia cellulose: the C1 doublet, which is a feature of the
cotton—ramie type spectrum (cellulose I,), is almost un-
changed except for a slight decrease in intensity of the
central line. In the C4 triplet the change is also very small
but the downfield shoulder significantly decreases in in-
tensity at 260 °C. In addition, the C6 doublet is more
clearly observed with increasing annealing temperature.

In an attempt to compare the crystalline spectra of both
annealed celluloses, C1 and C4 multiplets were resolved
into the constituent lines by a computer by assuming each
line to be a Lorentzian curve. This assumption seems
reasonable for line-shape analyses of solid-state high-res-
olution 13C NMR spectra of different polymeric materials
including cellulose,?® polyethylene,® polypropyrene,® etc.
Figures 4 and 5 show the results of the line-shape analyses
for the C1 and C4 resonances which correspond to the
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Figure 5. Line-shape analysis for the C4 resonance lines of cotton
cellulose (a) and valonia cellulose (b) treated with steam at 260
and 280 °C, respectively.

spectra shown in Figures 1e and 3c. These triplets are well
resolved into three Lorentzians except for the C1 resonance
of valonia cellulose which additionally contains a small
amount of noncrystalline contribution at 105.8 ppm. In-
terestingly, the integrated intensity ratios for the C1 and
C4 triplets, which are indicated under the respective
triplets, are almost identical for the two samples. In
contrast, these ratios evidently differ from those of the
original cotton cellulose; for example, 0.9:0.3:1.0 for the C1
triplet of valonia cellulose and 1.4:0.4:1.0 for that of original
cotton cellulose.?’ Here, the latter is the ratio in the un-
relaxed state which is calculated by considering the change
in relative intensity due to *C spin-lattice relaxation. The
intensity ratios of the C4 triplets, 0.1:1.2:1.0 and 0.1:1.1:1.0,
for annealed cotton and valonia celluloses are also different
from the ratio 0.4:2.0:1.0 for original cotton cellulose.?
Here those values are not the unrelaxed ones, but the
deviation from the true values seems very small because
the C4 triplets in the unrelaxed state shown in Figure 2
are almost the same as those in the partially relaxed state
shown in Figure 3. Consequently, the spectra for annealed
celluloses with steam above 260 °C differ from the cot-
ton-ramie type which is previously assigned to cellulose
1.2 We hereafter refer to this new type of the crystalline
spectrum as cellulose [,’. According to this nomenclature,
it is concluded that both celllulose I, and I, are trans-
formed into cellulose I,” by the treatment with saturated
steam above 260 °C.

Recently VanderHart and Atallal®'%? have proposed
that native celluloses are composites of two crystalline
forms which are designated celluloses I, and I; and ob-
tained the *C NMR spectra of these allomorphic forms
by taking linear combinations of the spectra of regenerated
cellulose I and Acetobacter cellulose or of the spectra of
the original and hydrolyzed samples of Cladophora cellu-
lose. These two the spectra of two candidates for cellulose
I are very similar to the spectrum of cellulose I,, for
steam-treated cellulose, if the minor differences in the
central line of the C1 triplet and the downfield shoulder
of the C4 triplet are neglected. As is seen in Figure 1 the
minor components in the C1 and C4 triplets do not change
above 260 °C and thus it is impossible to obtain the
spectrum exactly consisting of C1, C4, and C6 doublets,
which corresponds to one of candidates for cellulose I5, by
annealing with steam. However, since the amounts of
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those components are very small, we can use this sample
as a model for one of allomorphic forms of cellulose.
Detailed characterization is in progress, using the X-ray
diffraction method and electron microscopy.

Finally, we should revise the conclusion of the previous
paper®® concerning the crystals regenerated from cellulose
triacetate I (CTA I), on the basis of the line-shape analyses.
Although the crystal form thus produced was reported to
be cellulose I,, it should be also assigned to cellulose I,/
because the decrease in intensity is also observed for the
C1 central line and the C4 downfield line in the regener-
ated samples. Therefore, it is concluded that celluloses
I, and I, are transformed into cellulose 1,’ by regeneration
from CTA I as well as by treatment with steam above 260
°C. The same conclusion also applies in the case of re-
generation from cellulose IT1}.%

Acknowledgment. We thank Professor Takao Itoh of
Wood Research Institute of Kyoto University for kindly
providing valonia cellulose.

Registry No. Cellulose, 9004-34-6.

References and Notes

(1) Atalla, R. H.; Gast, J. C.; Sindorf, D. W.; Bartuska, V. J.;
Maciel, G. E. J. Am. Chem. Soc. 1980, 102, 3249.

(2) Earl, W. L.; VanderHart, D. L. J. Am. Chem. Soc. 1980, 102,
3251.

(3) Earl, W. L.; VanderHart, D. L. Macromolecules 1981, 14, 570.

(4) Horii, F.; Hirai, A.; Kitamaru, R. Polym. Bull. 1982, 8, 163.

(5) Maciel, G. E.; Kolodziejski, W. L.; Bertran, M. S.; Dale, B. E.
Macromolecules 1982, 15, 686.

(6) Dudley, R. L.; Fyfe, C. A.; Stephenson, P. J.; Deslandes, Y.;
Harmer, G. K.; Marchessault, R. H. J. Am. Chem. Soc. 1983
105, 2469.

(7) Kunze, J.; Scheler, G.; Schroter, B.; Philipp, B. Polym. Bull.
1983, 10, 56.

(8) Horii, F.; Hirai, A.; Kitamaru, R. Polymers for Fibers and
Elastomers; Arthur, J. C., Jr., Ed.; ACS Symposium Series No.
260; American Chemical Society: Washington, DC, 1984; p 27.

(9) Horii, F.; Hirai, A.; Kitamaru, R. J. Carbohydr. Chem. 1984,
3, 641.

(10) Atalla, R. H.; VanderHart, D. L. Science (Washington, D.C.)
1984, 223, 283.

(11) VanderHart, D. L.; Atalla, R. H. Macromolecules 1984, 17,
1465.

(12) Teedar, R.; Lippmaa, E. Polym. Bull. 1984, 12, 315.

(13) Horii, F.; Hirai, A.; Kitamaru, R.; Sakurada, I. Cellulose Chem.
Technol. 1985, 19, 513.

(14) Hirai, A.; Horii, F.; Kitamaru, R. Bull. Inst. Chem. Res., Kyoto
Univ. 1985, 63, 340.

(15) Cael, J. J.; Kwoh, D. L. W.; Bhattacharjee, S. S.; Patt, S. L.
Macromolecules 1985, 18, 821.

(16) Kamide, K.; Okajima, K.; Kowsaka, K.; Matsui, T. Polym. J.
1985, 17, 701.

(17) Atalla, R. H.; Whitmore, R. E.; VanderHart, D. L. Biopolymers
1985, 24, 421.

(18) Horii, F.; Hirai, A.; Kitamaru, R. The Structure of Cellulose:
Characterization of the Solid States; Atalla, R. H., Ed.; ACS
Symposium Series No. 340; American Chemical Society:
Washington, DC, 1987; p 119.

(19) Hirai, A.; Horii, F; Kitamaru, R. Macromolecules 1987, 20,
1440.

(20) Horii, F.; Hirai, A.; Kitamaru, R. Macromolecules, 1987, 20,
2117.

(21) Chanzy, H.; Henrissat, B.; Vincendon, M.; Tanner, S. F.; Bel-
ton, P. 8. Carbohydr. Res. 1987, 160, 1.

(22) VanderHart, D. L. J. Magn. Reson. 1987, 72, 13.

(23) VanderHart, D. L.; Atalla, R. H. The Structure of Cellulose:
Characterization of the Solid States; Atalla, R. H., Ed.; ACS
Symposium Series No. 340; American Chemical Society:
Washington, DC; 1987; p 88.

(24) Horii, F. In Application of Nuclear Magnetic Resonance in
Agriculture; Pfeffer, P, E., Gerasimowicz, W. V., Eds.; CRC
press: Boca Raton, FL, in press; related references therein.

(25) Recent CP/MAS 3C NMR work® has revealed that algal
cellulose spectra exhibit some variations in fine splittings of
resonances, particularly in C4 triplets. However, such varia-
tions are small and their spectra distinctly differ from the
spectra of cotton and ramie crystals.



Macromolecules 1987, 20, 2949-2951 2949

(26) Horii, F.; Hirai, A.; Kitamaru, R. Macromolecules 1986, 19,
930. References of early CP/MAS ¥C NMR studies of hy-
drated polymers therein.

(27) According to the recent work,?® the chemical shift of the
crystalline peak of polyethylene should be 32.89 ppm at 50.3
MHz.

(28) VanderHart, D. L. J. Chem. Phys. 1986, 84, 1196.

(29) Kitamaru, R.; Horii, F.; Murayama, K. Macromolecules 1986,
19, 636.

(30) Saito, S.; Motegi, Y.; Nakagawa, M.; Horii, F.; Kitamaru, R.
Polym. Prepr., Jpn. 1987, 36, 985.

Fumitaka Horii,* Hiroyuki Yamamoto, and
Ryozo Kitamaru

Institute for Chemical Research, Kyoto University
Uji, Kyoto 611, Japan

Mitsuhiko Tanahashi and Takayoshi Higuchi
Wood Research Institute, Kyoto University

Uji, Kyoto 611, Japan

Received July 24, 1987

Acyclic Metathesis Polymerization. The Olefin
Metathesis Reaction of 1,5-Hexadiene and
1,9-Decadiene

Since the appearance of Natta and Dall’Asta’s report of
the polymerization of cyclopentene with a catalyst/co-
catalyst metal pair,! countless publications have probed
the subject of olefin metathesis over the past 20 years.?
Elegant mechanistic studies have shown that metallo-
carbenes are the reactive intermediates responsible for this
disproportionation reaction,? that the reaction is general,
and that the reaction has commercial value for the po-
lymerization of strained cyclolefins. These ring opening
polymerizations, which are depicted in Figure 1, are
thought to be driven by a release of ring strain,’ and indeed
high molecular weight polymers are formed very rapidly
by this technique. The polymerization of cyclopentene,®
norbornene,” and cyclooctene® have received the most
attention during this 20-year period, and the metathesis
polymerization of strained rings remains an active field.?

In this present paper, we report our efforts to employ
olefin metathesis in a step polymerization, condensation-
type reaction scheme, as shown in Figure 2, wherein an
equilibrium is established such that a volatile compound
can be removed to drive the polymerization.'® Such a
reaction would provide a significant opportunity to create
a wide variety of new polymer structures, if indeed the
metathesis reaction can be precisely controlled. The
identity of substituent “R;” in Figure 2 would be restricted
only by factors that govern intramolecular vs. intermole-
cular metathesis chemistry, since the intent is for inter-
molecular reactions to predominate. Though the sugges-
tion of doing polycondensation metathesis chemistry is not
new,! virtually no results have been reported to determine
the viability of the approach.

Our first reactions have been done with 1,9-decadiene
and 1,5-hexadiene (structures 1 and 2 in Figure 2). These
monomers were chosen since their self-metathesis would
release an easily identifiable gas (ethylene, R, = H) and
would yield well-characterized polymers (polyoctenamer
and polybutadiene, respectively). Thus, the polymerization
technique and not the polymers themselves become the
principal object of the study. The 1,5-hexadiene polym-
erization appeared particularly challenging, since it has
been stated that self metathesis does not occur at all for
this monomer.!?

All reactions were carried out under an argon atmo-
sphere, either in bulk or with chlorobenzene as a solvent,
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Figure 1. Ring-opening polymerization of strained cycloolefins.
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Figure 2. Step propagation, condensation type polymerization
of acyclic dienes.
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Figure 3. GC chromatogram of the gases released during the
1,9-decadiene reaction. The large peak at 4 min is identified as
ethylene by comparison with an authentic sample. Identical
results were observed for 1,5-hexadiene.

and we chose the WCly/EtAICl, catalyst system (mono-
mer/tungsten 100:1 and tungsten/aluminum 1:4) for our
initial experiments. Tungsten hexachloride was stored
under argon, and EtAlCl, was used as received (1 M so-
lution in hexane). In a representative polymerization the
monomer and WClg were combined and cooled to -78 °C,
followed by the addition of the cocatalyst. The homoge-
neous reaction mixture was then permitted to warm to 25
°C, and after 30 min the reaction was terminated with a
few drops of methanol. In some cases a slight vacuum was
applied to the reaction system to remove the gases formed.
Gas samples were collected during the reaction and ana-
lyzed by gas chromatography.!

In the 1,9-decadiene reaction, a large volume of gas was
released instantly when the cocatalyst was added to the
reaction flask, and GC analysis showed the major com-
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