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Most plants, a few bacteria, animals, fungi, and protozoa 
synthesize cellulose microfibrils, where the cellulose chains 
are crystallized in full extension parallel to the microfibril 
direction.’-4 Each cellulose microfibril is therefore a 
polymer “whisker” and may be expected to have out- 
standing properties very close to those of a cellulose crystal. 
To test this hypothesis, one needs to prepare well-oriented 
fibers or fiis where the cellulose microfibrils would be 
perfectly aligned. The preparation of such oriented 
structures, which would be of great theoretical and 
practical interest, has not been achieved so far. 

In the present study, we provide evidence that cellulose 
microfibrils can be oriented by strong homogeneous 
magnetic fields. Fields up to 7 T were applied to aqueous 
suspensions of nonflocculated cellulose microcrystals, 
resulting from a sulfuric acid hydrolysis of cellulose mi- 
crofibrils.5~6 Thew suspensions were allowed to dry under 
the field, giving solid cellulose films which were analyzed 
for their orientation characteristics. 

Samples of highly crystalline tunicate cellulose (tuni- 
cin) were prepared from specimens of Hulocynthiu roretzi 
(agiftfrom Prof. T. Okano, Tokyo, Japan). Thespecimens 
were slit open with asharp knife and their mantles washed 
thoroughly under tap water. Whole mantles were soaked 
overnight in a 5 %  (w/v) aqueous KOH solution at room 
temperature. The mantles were then rinsed with distilled 
water and bleached for 6 h at 70 OC with a bleaching 
solution, exchanging the used bleaching solution with a 
fresh one every 2 h. The bleaching solution consisted of 
300 mL of chlorite solution (containing 17 g of NaC104 
monohydrate dissolved in 1 L of distilled water) mixed 
with 300 mL of acetate buffer (consisting of 27 g of NaOH 
mixed with 75 mL of glacial acetic acid and diluted to 1 
L with distilled water). After repeating the KOH/ 
bleaching treatment four times, the mantles became 
completely white. They were washed thoroughly and 
stored in methanol until further use. 

The preparation of nonflocculating aqueous suspensions 
of tunicin microcrystals was achieved following the recipe 
described by Marchessault et ale5 modified by Revol et 
Purified mantles were dispersed with a double-cylinder 
homogenizer into millimeter-sized fragments. These 
fragments were then hydrolyzed with a 66 ?4 (w/w) aqueous 
H2S04 solution at 70 OC for 8 h, under strong stirring. 
During this treatment, most of the cellulose fragments 
broke down into fine microcrystalline elements. The mi- 
crocrystal suspension was washed with distilled water by 
successive centrifugations. It was then filtered through 
a fritted-glass filter with pore size 90-150 pm, which 
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retained most of the coarse particles. The microcrystals 
were then dialyzed against distilled water until neutrality, 
and the final suspension was kept in the refrigerator. 

The orientation of the tunicin microcrystals in the 
magnetic field was achieved by depositing drops of cellulose 
suspensions (0.18 9% w/v concentration) on glass slides. 
These slides were positioned in the homogeneous region 
of the field of a superconducting solenoid with a horizontal 
room-temperature bore. After 3 h in a field of 7 T, the 
suspensions had dried and the glass slides were removed. 
The dry fiis were first examined by polarized optical 
microscopy and then floated off for further analysis. Thin 
areas with thicknesses on the order of 0.05-0.15 pm were 
observed by transmission electron microscopy and ana- 
lyzed by electron diffraction, whereas areas of thicknesses 
ranging from 0.5 to 1 pm were examined by X-ray 
diffraction. Control films prepared outside the magnet 
were analyzed similarly. 

Typical tunicin microcrystals are shown in Figure 1. 
These crystals were long rods with parallel edges, having 
lengths from one to several micrometers and widths on 
the order of 10-20 nm. When analyzed by electron mi- 
crodiffraction, each microcrystal yielded a diagram made 
of discrete sharp spots corresponding to one of the 
projections of the reciprocal lattice of cellulose, with c 
(the chain axis) parallel to the microcrystal direction. Thus, 
each of these crystals could be considered as a “whisker- 
like” cellulose single crystal. 

The electron micrograph shown in Figure 2A corre- 
sponds to a film prepared under a homogeneous field of 
7 T whereas the one in Figure 2B was obtained from a 
sample dried outside the magnet. In all films prepared 
inside the magnet, the microcrystals showed a marked 
alignment with their long axis perpendicular to the 
direction of the field (Figure 2A); the films evaporated 
outside the magnet presented a random orientation (Figure 
2B). These observations were supported by electron 
diffraction experiments achieved on 1 pm2 of each film. 
In Figure 2A, the electron diffractogram in the inset cor- 
responds to a cellulose fiber diagram with the fiber axis 
perpendicular to the field axis. On the other hand, the 
pattern shown as an inset in Figure 2B is acellulose powder 
diagram indicative of a random orientation of the cellulose 
crystals. The diagrams in parts A and B of Figure 2 reveal 
also some difference in the relative intensities of their 
equatorial diffraction lines. In Figure 2A it is the 200 
diffraction line7 yhich is by far the strongest, whereas 
those of 110 and 110 are medium and weak, respectively. 
On the contrary, in Figure 2B, it is the ring indexed as 110 
which has the strongest intensity, while those correspond- 
ing to 1x0 and 200 are much weaker. Therefore, the 
magnetic field has the effect not only of orienting the 
cellulose crystals perpendicular to its direction but also of 
rotating them about their axes so that their 200 planes 
tend also to be perpendicular. In the present geometry, 
with the field parallel to the horizontal plane of the film, 
the 200 planes tend to be aligned vertically and the film 
in Figure 2A adopts a uniplanar-axial texture.8 

The specific orientation of the thinnest part of the films 
dried in the magnet was also found in the thicker regions. 
In these areas, the orientation was evidenced by X-ray 
diffraction analysis (Figure 3). The pattern is again a 
cellulose fiber diagram with its fiber axis oriented per- 
pendicular to the direction of the magnetic field. This 
X-ray diagram confirms the uniplanar-axial orientation 
observed in Figure 2A. It shows that, again, the equatorial 
arc corresponding to the 200 reflecticn has the strongest 
intensity, whereas those of 110 and 110 are only medium 
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Figure 1. Electron micrograph of cellulose microcrystals ob- 
tained after acid hydrolysis of tunicate cellulose. Inset: Typical 
diffraction pattern recorded on an areaof the specimen (outlined 
in white in the corresponding micrograph). This diagram cor- 
responds to the n * ~ *  projection of the reciprocal lattice of 
cellulose? 

Figure 2. (A) Electron micrograph of a thin (ca. 0.1 pm thick) 
region of a film obtained by allowing an aqueous suspension of 
tunicin microcrystals to dry on a glass slide in a magnetic field 
of I T applied parallel to the slide surface. H represents the 
direction of the field. Inset: Electron diffraction pattern of 1 
pm2 of the specimen. (B) Identical to A but the film was dried 
outside the magnet. Inset: Electron diffraction pattern of 1 pm2 
of the specimen. 

and weak, respectively. By rotating a computer-generated 
crystal of native cellulose to satisfy these diffraction 
conditions, the orientation of the cellulose molecules with 
respect to the field was found as sketched in Figure 4. 

Figure 3. X-ray diagram of a thicker region of a film (ca. 1 pm) 
obtainedasin FigureZR. H representsthedirectionofthe field. 

H 

Figure 4. Schematic diagram showing the orientation of a 
cellulose fragment with respect to the field H. 

To our knowledge, there is only one literature report on 
the magnetic orientation of macroscopic cellulose fibers.10 
This early study was however inconclusive: some fibers 
such as flax tended to become aligned parallel to the field, 
whereas some others such as hemp took a perpendicular 
direction. In the present work, we have studied the 
magnetic orientation of cellulose microcrystals which are 
the hasicstructural elementsof crystalline nativecellulose. 
Our data have demonstrated that t h e e  crystals in aqueous 
suspension were oriented so that their long axes became 
perpendiculartothe field direction. In addition, the dried 
cellulose films displayed a uniplanar-axial orientation, as 
evidenced bythe behaviorofthe (2~)planesofthecrystab 
which tended to be perpendicular to the film surfaces. 
Under suchconditions, themean planeofthe (1-4)-linked 
8-D-ghJCOSe monomer’s rings tended to be perpendicular 
to the field direction (Figure 4). Such an orientation is 
unusual for this type of microcrystalline cellulose films: 
under normal conditions, such as those shown in Figure 
ZB, these films display a uniplanar orientation with the 
(110) planes vertical.9 

The results presented in this study are of practical and 
theoretical interest. Our experiments showed that cel- 
lulose microcrystals in suspension could be strongly 
oriented by common superconducting magnets such as 
used in conventional NMR spectrometers. This opens 
interesting avenues to prepare new cellulose-based ma- 
terials. For instance, one could conceive composite 
structures where cellulose microfibrils or microcrystals 
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bonds and their relative orientation in the crystal. Other 
groups such as the surface eater groups which result from 
acid hydrolysis in sulfuric acid4 are not believed to affect 
the overall magnetic susceptibility of the sample. Indeed, 
even if these moieties are abundant on the surface of the 
crystals, their overall concentration in the specimens is 
only on the order of 1-2 76 .13 Therefore, their effect in the 
present experiments must be negligible. 
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