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The Cellulose Microfibril as an Imperfect 
Array of Elementary Fibrils 
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ABSTRACT: Cellulose microfibrils are viewed as an  imperfect array of elementary fibrils. We have investigated the 
possible defects in Valonia cellulose microfibrils, which are such tha t  the microfibrils can be broken into elementa- 
ry fibrils by deformation, hu t  are not sufficient to allow for a small angle maximum corresponding to  the elementa- 
ry fibril dimension. The microfibril has been constructed by convolution of the elementary fibril with a two dimen- 
sional point lattice. Defects have been incorporated in the microfibril, first by introduction of gaps between the ele- 
mentary fibrils. These regular gaps were then replaced by a statistical distribution of the elementary fibrils about 
the lattice points, modeled by Hosemann distortions of the  first type. The  cylindrically averaged transforms of such 
structures show tha t  significant distortions can be incorporated within the microfibril without producing large scale 
changes in the equatorial intensity distribution. Larger distortions are necessary before a small angle maximum 
corresponding to  the 35 8, elementary fibril is predicted, by which stage the  wide angle X-ray pat tern is unaccept- 
able. 

High resolution electron micrographs of negatively 
stained specimens of native cellulose1-9 show that the mi- 
crofibrils are comprised of regular subfibrils, termed “ele- 
mentary” fibrils, which have a width of 35 A. The major 
differences between celluloses from different sources occur 
in the packing of the elementary fibrils within the microfi- 
bril; this packing is expected to be dictated by the synthe- 
sis conditions. As an example, the microfibrils of Valonia 

(algal) cellulose have cross-sectional dimensions of -200 X 
100 A. X-Ray line broadening measurements indicate that 
the microfibrils are essentially single crystals,l0,” and thus 
the elementary fibrils must be arranged in a regular man- 
ner to give the larger crystallite width. If the elementary fi- 
brils have cross sections 35 X 35 A, the microfibril would 
correspond to a regular 6 X 3 array. In contrast, cotton mi- 
crofibrils vary in width from -100 t o  -500 %., with -250 %, 
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being the average, whereas the calculated crystallite width 
from X-ray diffraction is -60 A. Crystallite widths which 
lie between the elementary and microfibril widths occur for 
most celluloses. It has been suggested that when the ele- 
mentary fibrils are assembled to form the microfibril, some 
lateral fasciation occurs giving rise to the larger crystal- 
lites.s I t  is clear that many of the physical and mechanical 
properties of natural cellulose materials will depend on the 
nature of this array. In particular, we believe that many of 
the properties usually ascribed to low crystallinity and 
crystallite size can be explained by defects in the packing 
of elementary fibrils. 

We have investigated the effects of such defects on the 
X-ray diffraction pattern of cellulose, starting with the 
Valonia microfibril structure. No one has ever observed 
small angle maxima corresponding to the 35 A unit, for any 
native cellulose structure. This has led to attempts to dis- 
miss the elementary fibril as a staining artifact for bundles 
of microfibrils, although such proposals are invalidated by 
observation of single 35 A fibrils well separated from any 
aggregates. It is necessary therefore that the defects incor- 
porated in the microfibril model be such that small angle 
maxima for the elementary fibril are not predicted. In mi- 
crographs of undeforimed specimens, separate elementary 
fibrils are rare, and almost all the cellulose is in the form of 
aggregates. Nevertheless, these would not separate into 
regular subfibrils unless there were some differences be- 
tween the center and faces of the elementary fibrils in the 
array. There could well be different packing or hydrogen 
bonding a t  the faces. Alternatively larger defects could be 
present such that failure occurs a t  these weak points and 
spreads like the opening of a zip-fastener when deforma- 
tion occurs. 

A fibrillar crystallite can be thought cf as the convolu- 
tion of a polymer chain, or the unit cell, with a two dimen- 
sional point lattice. The Fourier transform of the crystallite 
is given by 

i.e. the product of the Fourier transform of the unit cell and 
the lattice. I Funit cell] is given by 

where X and Y are the coordinates on the Ith layer in re- 
ciprocal space and c is the fiber repeat; x], y,, z I  are the 
atomic coordinates of the j t h  of n atoms in the unit cell. 
For a two dimensional point lattice consisting ol" N repeats 
of a and M repeats of b, JFlattlc4 is given by 

Equation 1 calculates the three dimensional transform for 
a fibrillar crystallite and needs to be squared and cylindri- 
cally averaged for comparison with a fiber diagram. 

We will be concerned with the problems of packing f i -  
brils together to form a larger crystallite. This can be 
achieved by convoluting the smaller fibril with a second 
lattice, and the Fourier transform for the larger fibril is 
given by 

Where perfect lateral aggregation occurs, the repeats in lat- 
tice 2 are simple multiples of lattice 1, and the convolution 
is a one step rather than a two step process. However, we 
wish to consider the effect of distortions in the packing of 
elementary fibrils within a microfibril; i.e., lattice 1 is per- 
fect but lattice 2 may contain relatively large distortions. 

As approximations for possible lattice distortions we have 
used two approaches. The first of these is a gap distortion 
or perfect lattice (PL) distortion. The conditions for per- 
fect aggregation of small crystallites are a2 = Nlal ,  bz = 
Mlbl, where N1 and M1 are the number of repeats of a1 
and bl,  respectively, within the repeating distances a2 and 
bz for lattice 2. In the PL distortion, a2 = Nlal + 6 and bz 
= Mlbl  + 6, corresponding to gaps of 6 between the ele- 
mentary fibrils. This is not an unreasonable distortion and 
could occur in cellulose microfibrils, for example, if a layer 
of water molecules surrounded each elementary fibril. A 
more likely distortion, however, would be a statistical dis- 
tribution of gaps between the elementary fibrils. This can 
be modeled as Hosemann distortions of the first type 
(HI) '*  by multiplication of the Fourier transform by an ex- 
ponential term, I Fdistortionl, corresponding to a crystallo- 
graphic temperature factor. For the zero level plane in re- 
ciprocal space: 

Y2 + 2XY cos r*,] (5) 
In eq 5, y* is the angle between the a* and b* axes and B = 
8.;r2ii2, where U *  is the mean square displacement from the 
lattice point. ic was taken as 6/3; for a normal distribution 
the particles have a 99% chance of lying within f6 from the 
lattice point. Similar exponential terms should also be ap- 
plied to allow for distortions within lattice 1 and within the 
unit cell. In applying a single Fdistortlon term, the value of B 
contains the sum of the ic2 values for distortions a t  the 
three levels. However, when the distortions in lattice 2 are 
much greater than those possible in lattice 1 and the unit 
cell, it is necessary only to consider the distortions in lattice 
2 as a first approximation. 

Application to Native Cellulose 

Gardner and Blackwell13J4 have refined the structure of 
native cellulose, based on the X-ray diffraction data for fi- 
brous specimens from the cell walls of Valonia uentricosa. 
As originally proposed by Honjo and Watanabe'j the unit 
cell is monoclinic with dimensions a = 16.34 A, b = 15.72 A, 
c = 10.38 A (fiber axis), and y = 97.0'; the cell contains 
sections of eight chains. Nevertheless, a two chain mono- 
clinic unit cell with dimensions a = 8.17 A, b = 7.86 A, c = 
10.38 ,A, and y = 97.0". and space group P21, like the unit 
cell due to Meyer and Misch,lG was adequate for structure 
refinement. Rigid-body least-squares refinement showed 
that the structure consists of chains with the same sense 
(parallel). The ab projection of the structure is shown in 
Figure 1. The chain through a/2, b/2, 0 is shifted by 0 .266~ 
with respect to the chain through the origin; the rotations 
of the two chains about the fiber axis are identical. Sarko 
and Mugglil' have also proposed parallel chain structures 
for cellulose. In addition to the structure described above 
they have considered a triclinic unit cell with successive 
chains along the diagonal in the eight chain cell being dis- 
placed by c.4, c/2, and 3c/4. However, the two structures 
are identical in the a b  projection, and the treatment of the 
hhO data below is not dependent on this choice of model. 

Preston and Cronshawlg and Preston et al.ls found that 
the 6.1 8, planes (1i0) of cellulose are parallel to the flat- 
t a e d  faces of the microfibrils. Hence, Frey-Wyssling's 
model of the elementary fibril and microfibril has the sides 
corresponding to the 110 and 110 planes of the Meyer and 
Misch unit ce11.20.21 For this reason it was convenient to de- 
fine a new unit cell with a and b axes corresponding to the 
diagonals of the Meyer and Misch (MM) unit cell, similar 
to that proposed by Ellis and Warwicker.22 This larger 
(EW) unit cell is also shown in Figure 1; the dimensions are 
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QMM 

Figure 1. a b  projection of the crystal structure of native cellu- 
lose.'4 T h e  projection shows four MM unit  cells, e.g., one E W  unit  
cell; the  E W  unit  cell used for t he  calculations is also shown and 
has a and b axes (dotted lines) corresponding to the diagonals of 
the MM unit  cell. 

a = 10.62 A and b = 12.00 A. 
The elementary fibril can now be constructed by convo- 

lution of the contents of the EW unit cell with a 3 X 3 lat- 
tice with the same a and b dimensions giving cross-section- 
al dimensions U E F  = 31.86 8, and b E F  = 36.00 A. The micro- 
fibril was then constructed by convolution of this elemen- 
tary fibril with a 6 X 3 lattice with dimensions U E F  and b E F .  

The cross-sectional dimensions of the microfibril are U M F  = 
191.16 8, and b M F  = 108.00 A. Alternatively, the microfibril 
can be built up by convolution of the EW unit cell with an 
18 X 9 lattice to give the same structure. The model for the 
perfect microfibril as a 6 X 3 array of elementary fibrils is 
shown in Figure 2, where the structure of the elementary fi- 
bril, as a 3 x 3 array of EW unit cells, each containing four 
chains, is also depicted. 

The above model for the elementary fibril contains 6 X 6 
= 36 chains, whereas that proposed by Frey-Wyssling and 
MuhlethaleP contained an extra layer of chains along one 
axis, i.e., 7 X 6 = 42 chains. Both elementary fibrils are 
within experimental error of the observed dimension of 35 
A, but our microfibril is a shade small a t  191 A compared to 
the observed width of 200-210 A. However, the choice of 
model is not critical to any of the conclusions below for dis- 
torted lattices, and selection of the 6 X 6 elementary fibril 
simplifies the calculations by avoiding a change of axis. 
Furthermore, insertion of distortions will increase the size 
of the microfibril. 

Our model also differs from that proposed by H a a ~ e ~ ~  e t  
al. from investigation of paracrystalline distortions of 
ramie and viscose fibers. In their interpretation of the 
small angle X-ray data for ramie cellulose, they assumed a 
cylindrical cross section for their fibrillar units, and pro- 
posed a structure consisting of 52 A diameter rods and ag- 
gregates thereof. This model is not consistant with electron 
microscope observations for ramie fibers: 52 8, rods have 
not been observed although reports of smaller 35 8, units 
have been published.24 Apart from the larger basic unit, 
however, the Haase model is similar to ours, with larger ag- 
gregates built up from a basic subunit. 

Zero level transforms were calculated for the four chain 
EW unit cell using the atomic coordinates of the carbon 
and oxygen atoms.14 The transform of the elementary fibril 
was calculated using eq 1-3; in eq 3, N = 3, M = 3, a = 
10.62 A, and b = 12.00 8,. Similarly, the transform of the 
perfect microfibril was calculated using eq 3 and 4, insert- 
ing values N = 6, M = 3, a = 31.86 A, and b = 36.00 A. In 

QMF - 
Figure 2. Idealized assembly of a Valonia cellulose microfibril as a 
perfect 6 X 3 array of elementary fibrils, which in turn  are perfect 
3 X 3 arrays of E W  unit cells. The chains in an EW unit cell are 
represented by ellipses. 

all cases the transforms were calculated for points on an 
a*b* grid separated by 0.01 A-l, except below R = 0.1 A-1 
( R  = ( X 2  + y2)1/2), where the grid increments were 0.001 
A-l, allowing for adequate resolution in the small angle re- 
gion. Cylindrically averaged transforms were computed by 
averaging the values of F within increments of R = 0.01 
A-1 (0.001 A-1 below R = 0.1 

Results 
Figure 3 shows the cylindrically averaged transforms of 

the four chain unit cell (a), elementary fibril (curve b) and 
perfect Valonia microfibril (curve c). The transform for the 
elementary fibril shows a small angle minimum a t  R = 
0.0320 A-1 (d  = 31.2 A) followed by a sharp peak a t  R = 
0.0414 A-1 ( d  = 24.1 A).  If the elementary fibril is approxi- 
mated by a solid cylinder of equal volume, such a cylinder 
would have radius ro = 19.10 A. The Fourier transform for 
a solid cylinder is 

The first zero and maximum for F ( R ) ,  corresponding to the 
first intensity minimum and maximum, occur a t  R = 
0.0327 A-' and R = 0.0433 A-1 for ro = 19.10, which are 
very similar to the figures calculated for the fibril model. 
As expected, the small angle region can be predicted from 
the transform of a rectangular rod. A maximum should be 
seen a t  approximately 24 A for a specimen made up of un- 
aggregated elementary fibrils. Microscopy, however, shows 
that individual elementary fibrils comprise an extremely 
small fraction of the observed morphology in undeformed 
specimens, which are almost entirely aggregates, with a re- 
sult that  the 24 A maximum is not observed. 

Transition to the perfect microfibril (curve c, Figure 3) 
sharpens the peaks considerably. This transform is very 
similar to the observed equatorial intensity distribution, 
which is shown in Figure 3 (curve d). The first three peaks 
a t  d = 5.96,5.23, and 3.85 A correspond to the 170, 110, and 
020 reflections (MM unit cell indexing). The peak heights 
match the structure factors calculated for these reflections 
for the infinite lattice by Gardner and Bla~kwel1.l~ The 24 
A peak is naturally not seen for the microfibril due to per- 
fect aggregation. The question as to what degree of imper- 
fection is necessary to generate this peak will be considered 
below. 

The major features of the cellulose equatorial pattern 
(Figure 3, curve d) are seen in the transform of the four 
chain unit cell. On going to the elementary fibril, a change 
occurs in the relative intensity of the first two (wide angle) 
peaks, and the 24 equatorial is produced. For the micro- 
fibril the peaks are sharpened considerably and the first 

F(R) = rdi(2nRro)/R ( 6) 
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Figure 3. Cylindrically averaged zero level squared Fourier trans- 
forms for (a)  four chain unit  cell, (b)  the elementary fibril, and  (c) 
the perfect microfibril. For comparison (d) ,  the corrected intensity 
distribution from a densitometer scan through the equator of a V 
uentricosa fiber pattern.  

peak of the elementary fibril is split into two. The three in- 
tense peaks of the microfibril are the 170, 110, and 020 
peaks (MM unit celll). 

Distortions 
The zero level cylindrically averaged transforms for mi- 

crofibrils containing: perfect lattice distortions are shown in 
Figure 4 where the curves correspond to 6 values of 0.5, 1.0, 
1.5, 2.0, 2.5, and 3.0 A, respectively. The effect of this 
straightforward expansion of the microfibril lattice is to 
vary the relative intensities of the peaks. The position of 
the peaks also varies slightly, since the repeats for lattice 2 
have been changed by 6. 

For the 0.5 8, PL distortion the intensity of the 110 peak 
is reduced, and compares unfavorably with the transform 
of the undistorted lattice. However, for the 1.0 8, PL distor- 
tion intensity is restored to the 110 peak. The intensity 
ratio of the li0 and 110 peaks is reversed, compared to the 
transform of the perfect microfibril. However, this is closer 
to the distribution on the X-ray pattern. Aside from the in- 
creased intensity for the 020 peak, the transform gives a 
reasonable intensity distribution. The transforms for the 
1.5, 2.0, 2.5, and 3.0 8, PL distortions are drastically differ- 
ent from the first two and show almost no resemblence to 
the observed intensity distribution. 

A weak maximum is seen in the small angle region for 
the 2.5 and 3.0 8, PL distortions corresponding to the re- 
peat for the elementary fibril. This peak becomes only a 
shoulder for the 1.5 (and 2.0 8, PL distortions and nothing is 
seen for gaps of 1.0 and 0.5 8,. I t  is clear then that relatively 
large gaps between the elementary fibrils would be neces- 
sary to give small angle activity, by which time the wide 
angle pattern is unreasonable. In actual specimens the gaps 
between elementary fibrils will not be empty spaces but 
will be filled, e.g., with water, which will reduce the intensi- 
ty calculated for the small angle peak. 

A better model for the imperfect packing of elementary 
fibrils incorporates the Hosemann type one (HI )  distor- 
tions, which allow for statistical deviations from the perfect 
lattice points. This is achieved by multiplying the PL  
transform by the exponential term in eq 5 .  The transforms 
obtained are shown in Figure 5 .  The distortion term is 

1.0 i 
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Figure 4. Zero level cylindrically averaged squared Fourier trans- 
forms of the microfibril with various PI, distortions. 
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Figure 5. Zero level cylindrically averaged squared Fourier trans- 
forms of the microfibril with various H1 distortions. 

analogous to a temperature factor and simply reduces the 
relative intensities as R increases. This has the effect of de- 
creasing the intensity of the 020 reflection relative to the 
li0 and 110 reflections, with a result that  the 1.0 8, Hl dis- 
tortion becomes a reasonable match to the observed data. 
The values of a2 used in the present calculations for 6 > 1 .O 
8, are significantly larger than that indicated by the refin d 
temperature factor for Valonia c e l l ~ l o s e , ~ ~  but are proba- 
bly not unreasonable for less ordered cellulose structures. 

Conclusions 
Fourier transforms have been calculated for cellulose mi- 

crofibrils built up as perfect or disordered arrays of ele- 
mentary fibrils. The transforms for Valonra microfibrils 
showed that significant distortions could be introduced in 
the array of elementary fibrils, without drastically affecting 
the wide angle X-ray pattern. Larger distortions were nec- 
essa-y before a small angle maximum was predicted, by 
whicn time the wide angle pattern was unreasonable. I n -  
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deed, the 1.0 gaps within the Valonia coupled with the 
H1 distortion gave better agreement than the perfect crys- 
tallite for the relative intensities of the 110 and 110 reflec- 
tions. This reversal of intensities is of interest since such 
differences in these relative intensities and slight differ- 
ences in the positions of the three strong reflections have 
been observed for unoriented specimens of native cellulose 
from different sources. It is also interesting to note that in- 
sertion of one water molecule per chain between faces of 
the elementary fibril would produce an expansion of ap- 
proximately 1 A. As an analogy, conversion of anhydrous 
&chitin to the monohydrate increases the lateral lattice pa- 
rameter from 9.3 to 10.3 A.25 An imperfect layer of water 
molecules between the elementary fibrils would thus be an 
acceptable distortion. 
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ABSTRACT: The  extension of gas chromatographic methods to  studies on the interaction of polar polymers and  
vapors is complicated by adsorption a t  the polymer-vapor interface. Some effects of this adsorption were examined 
using water and n-propyl alcohol as probes with a poly(ethy1ene oxide) stationary phase coated onto an inert  
fluorocarbon support .  The  measured retention volumes depended markedly on the surface-to-volume ratio of the 
stationary phase, in a manner consistent with independent surface and bulk contributions to  the retention mecha- 
nism. Using an extrapolation procedure, the t rue bulk retention volumes for poly(ethy1ene oxide) above and below 
its melting point were determined. T h e  crystallinity of t he  polymer, estimated from these data ,  was found to  be in 
good agreement with previously reported values, I t  is concluded tha t  in order to interpret  correctly GLC retention 
data near a polymer melting region, both exclusion of the vapor from crystalline regions and surface adsorption 
must be considered. 

The application of gas chromatography to physicochem- 
ical measurements has proven useful in several areas of 
polymer ~ c i e n c e . ~  Perhaps the most fruitful area has been 
the derivation of thermodynamic information on polymer- 
solvent interactions at low solvent  concentration^.^,^ For 
relatively nonpolar vapors and polymers, a t  temperatures 
substantially above the melting point or glass transition 
temperature, equilibrium thermodynamic parameters may 
be derived with some confidence from appropriately cor- 
rected’ gas chromatographic data. 

Gas chromatography has also been used to study poly- 
mer phase transitions. The GC retention reflects 
the interaction of a “probe” vapor with the polymer; 
changes in the polymer structure which occur a t  the melt- 
ing point or the glass transition temperature should there- 
fore exert a marked effect on the retention volumes. Sharp 

discontinuities have been detected in the variation of re- 
tention volumes with temperature for hydrocarbons on col- 
umns containing polyethylene and polypropylene near the 
polymer melting  point^.^ This work was extended by Guil- 
let and coworkers who determined melting points, degrees 
of crystallinity, and crystallization kinetics for polyolefins 
by GC.6 Glass transition temperatures of poly(N-isopropyl 
acrylamide),’ poly(styrene1, poly(viny1 chloride), poly(m- 
ethyl methacrylate),’ polycarbonatesg and poly(acry1oni- 
trile)1° were also detected by this method. Gas chromato- 
graphic evidence has been presented for a second-order 
transition other than the glass transition in cellulose ace- 
tate.” Phase transitions of organic compounds and liquid 
crystals have also been widely dealt with in the gas chroma- 
tographic literature, mainly with a view to their possible 
usefulness in improving separations.lZ In particular, the 


