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Cellulose in the Light of the X-Rays.1 

By Sir WILLIAM BRAGG, K.B.E., F.R.S. 

ONE of the most fascinating features that 
emerge during the closer study of natural 

constructions is surely the extended use of certain 
atoms, certain molecules, and certain ways of com
bining molecules ; while other atoms, molcules, and 
combinations are but seldom employed. Thus, for 
example, half the world of which we have know
ledge is made of oxygen : silicon is used to the 
extent of 27 per cent, aluminum 8 per cent, iron 
and a few others make up most of the remainder, 
and some eighty or more of the 92 kinds of atoms 
cannot muster 2 per cent between them. The seas 
that cover the larger part of the earth's surface 
give to the water molecule H 20 easy precedence 
over all others. In the rocks, the oxygen atoms 
govern the structure : the recent work on the sili
cates by W. L. Bragg and his collaborators shows us 
that we may regard the great bulk of the earth's crust 
as a piling together of bulky oxygen atoms cemented 
by atoms of other kinds such as silicon, aluminium, 
ir.:m, or magnesium. Sometimes the piling is of. the 
simplest character, and seems to depend for the 
most part on considerations of space to be occupied. 
Sometimes, as in quartz, more complicated struc
tures are framed in order to satisfy the directional 
qualities of the mutual attractions of silicon and 
oxygen. 

If we take special note of the elements of living 
structure, the extraordinary predominance of the 
carbon atom at once attracts attention. Though 
the mass of the carbon in the world is only about 
a fortieth of one per cent of the whole, its import
ance to life is extreme. Two forms of molecular 
constitution are outstanding : the long chain of 
carbon atoms which is the basis of so many sub
stances, fats, oils, paraffins, and so on, and the 
benzene ring in which six carbon atoms are tied 
together strongly into hexagonal form. A very 
large proportion of organic chemistry deals with 
the properties of these two forms of molecules 
and of their derivatives; they are of the greatest 
importance in regard both to biochemistry and to 
the chemistry of industry. 

1 Discourse delivered at the Royal Institution on Friday, Jan. 24. 

CELLULOSE AND FIBRES. 

Cellulose is the fundamental molecular com
bination occurring in vegetable growth. One has 
but to remember that forests and shrubs and 
grasses and plants of all kinds are mainly composed 
of cellulose to realise the strangeness of such a 
particular selection. What is there in the cellu
lose molecule or combination of molecules that its 
responsibility should be so great 1 It is pre
eminently the molecule of growth in the vegetable 
world. It is found in the animal world also. It 
must be a molecule by the aid of which purpose and 
direction can be worked out. A mass of cellulose 
as it occurs in a plant cannot be of equal properties 
in all directions, for growth has to take place along 
definite lines. With one or two stray exceptions, 
such as asbestos, the bulk of inorganic substances 
do not display that curious feature which we 
describe in a word as ' fibre '. 

Cellulose is a fibrous material, and its molecule 
or its molecular combination must somehow give 
it this fundamental character. The fibrous char
acter of the stem and leaves of plants is their 
most obvious characteristic : the marked quality 
of direction is at the basis of their manner of 
growth and their constructional possibilities. These 
qualities, moreover, we use for our own purposes. 
We spin the natural fibres of cotton and hemp, 
ramie, jute, and the like, forming threads and ropes 
which have the special quality of standing strain 
in one direction. We weave cotton goods; and 
we use the comminuted cellulose to make paper. 
In these cases the fibres are distributed in one 
plane in more than one direction and so form 
sheets that stand twodimensional strain. Of late 
years the cellulose, specially treated in various 
ways, is drawn out into threads of artificial silk, or 
rayon. This fibrous quality is therefore essential 
not only to Nature's employment of cellulose, but 
also to the use that we make of it. We should 
like to know exactly what cellulose is, and what 
there is in the curious structure that justifies this 
extensive use. 
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CHEMISTRY OF CELLULOSE. 

The main attack upon the question has been 
made by the chemists, who have found it a simple 
matter to analyse cellulose into its constituent 
atoms : it may be described as a multiple of 
C,H100 5 . But of course this description is quite 
insufficient to explain its properties : there are, in 
fact, several other substances of the same com›
position, such as starch, glycogen, dextrin. The 
distinctive properties of cellulose must depend on 
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how these twentyone atoms are arranged with 
respect to one another. We must therefore 
endeavour to discover the design. It would be 
quite out of place to attempt a description here of 
the chemist’s attack upon the problem of position. 
We have already heard, at the Royal Institution, 
a general account of the atomic positions in the 
sugar molecule from Sir James Irvine, who has 
himself been a pioneer in this field. Cellulose is 
closely allied to the sugars ; indeed their basic 
features are the same. A brief description of 
some of the chemical results will be quite sufficient 
for our purpose. 

It is certain that the six carbon atoms are con›
nected in a chain. But the chain is not to be 
thought of as drawn out in a straight line. The 
chemist writes a formula of a straight line char›
acter, when he wishes merely to show which atom 
is attached to which, but his meaning goes no 
further. Fig. 1 shows the usual method of writ›
ing the formula for glucose, of which the C6H 100 5 

group is the anhydrous form. 
Each carbona tom is attached to four other atoms: 

the positions of the hydrogens and the OH groups, 
right or left of the carbons, have a meaning in that 
if any pair is inverted the character of the substance 
changes. The most curious feature of the diagram 
is the connexion of the first and the fifth carbon 
atoms through an oxygen. Possibly the diagram 
is wrong in that it should be the fourth that is 
joined to the first. The latter view was favoured 
for many years, but later researches, especially by 
Haworth, make the 1: 5 junction the more prob›
able, and we will adopt it provisionally. 

Clearly, when we come to think of this set of 
atoms as a group in space, we must make arrange›
ments for the oxygen at the side of the diagram to 
get into contact with the two atoms to which the 
formula attaches it. Getting into contact means 
that the centre to centre distance between two 
atoms is a quantity which under similar conditions 
may be considered to be fairly constant. It would 
be impossible to think of an oxygen touching the 
first and last of five carbons in a straight line. The 
chain must be bent round until contact is possible, 
and at once we have the idea of a sixatom ring, 
five carbons and one oxygen. 

There is no doubt that this ring is the basic ele›
ment of all living plants and of numbers of those 
substances which can be derived or made from plant 
materials. The fact stirs the imagination and the 
desire to investigate the remarkable structure by 
every means at our command. A similar urge 
comes from the many industrial enterprises that use 
cellulose, from the cotton workers of every kind, 
from the huge concerns that make artificial silk, 
from the paper makers, from those concerned with 
celluloid, explosives, certain varnishes, and a host 
of other things. 

It has not been possible so far to go by chemical 
means much beyond the point already described. 

FIG. 2.Model of cellobiose. Shaded circles represent carbon atoms ; 
oxygen atoms are drawn as double rings to show the limits between 
which their diameters probably lie. This model, due to Mark 
shows two glucose rings, stripped of atoms unessential for the pur: 
pose of showing the method of combinatlon1 and joined together 
by an oxygen to form the kernel of the celloolose molecule. Two 
views of the model are shown. It should be compared with Fig. 1. 

The indications become hazy, and the chemists are 
divided as to their meaning. The most important 
step is the statement of the formula of the sub›
stance called cellobiose which has been derived from 
cellulose. Cellulose, it will be remembered, is a 
multiple product of the element C6H100 5 ; it is 
some compound made up of the rings just described, 
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generally known as glucose rings. Cellobiose con›
tains two rings, and the chemical evidence is in 
favour of combination in the manner indicated, 
according to chemical conventions, by the right›
hand formula of Fig. l. The first carbon of one 
glucose ring is joined to the fourth carbon of a 
second ring. In the process, one oxygen and two 
hydrogens, the constituents of a water molecule, 
have disappeared from the combination. It is 
further held that by tacking on a third ring with a 
similar oxygen linkage, cellobiose may be extended 
to form cellotriose, which consists of three rings ; 
and that, finally, by the continued addition of rings, 
up to an indefinite number, we have the essential 
structure of cellulose. The actual arrangement in 
space is probably as represented in Fig. 2, but this 
diagram contains some information which only 
Xrays could supply. We had therefore better 
leave the construction at this point and consider the 
Xray evidence. 

EviDENCE OF XRAY METHODS. 

Let us remember that the new method of Xray 
analysis derives its power from its capacity to 
detect any regularity of arrangement of atoms or 
molecules. To such dispositions it is very sensitive : 
it can record a perfect array of a few hundred mole›
cules or so, or an imperfect array if the number is 
greater. 

We have seen that there must be in cellulose 
some directed quality, if it is to play so important a 
part in growth as it appears to do. Of course, it 
may be said that direction is possibly attached as a 
property to some other constituent of the plant, the 
identity of which is yet unknown. But, on one hand, 
cellulose is common to all plants, and their most 
prominent content; on the other, it turns out, as 
will appear, that it is easy to understand how 
cellulose can have the quality that we look for. 
Now we cannot imagine how direction is to be 
obtained without regularity of arrangement. There 
must be a pattern, involving the constant repetition 
of some form of grouping, which we might expect 
to be related to the line of growth. We might then 
look at once for some such effect, when an Xray is 
sent through a fibre of cotton or ramie or hemp, as 
we have become accustomed to find when Xrays 
act on a photographic plate after traversing a 
crystal. A crystal is merely a crowd of atoms in 
regular array. 

When the experiment is made, the effect is found 
at once. Moreover, it is a kind that we recognise as 
indicative of fibrous nature. Let us look at this 
point a little more closely. 

When a pencil of homogeneous Xrays passes 
through a crystal which is made to revolve about an 
axis, one set of crystal planes after another comes 
to its proper angle for reflection, and the reflected 
ray leaves the crystal in a direction inclined to the 
primary pencil at twice the reflecting angle. We 
must remember that all the lattice points in the 
crystal, that is to say, points representing all the 
units of pattern, can be looked on in an infinite 
number of ways as lying on sets of parallel, equi›
distant planes. The proper angle for reflection (} 

FIG. 3.Asparagine. Xray diagram, obtained by W. H. using 
the � rotation’ method. The Xmys are monochromatiC, and the 
crystal is rotated during the exposure. The network at the back 
of this diagram is placed there for convenience of interpretation. 

is connected with the wavelength (A.) of the rays 
and the spacing (d) of the planes by the law nA. 

= 2d sin (}, n being any integer. 
A photographic plate may be placed to receive the 

various reflected rays; and if both rotation axis 
and plate are perpendicular to the primary pencil, a 
symmetrical figure is formed on the plate. An 
example is given in Fig. 3. The crystal was in this 
case asparagine, which is a derivative of one of 
the constituents of wool. The weight of the crystal 
was of the order of a milligram. 

From the positions of the spots and their intensi›
ties, the Xray methods draw information respect›
ing the crystal structure. This is clearly a matter 
of calculation, based partly on geometry and partly 
on physical theories as to the reflection process. 
We do not stop to consider the details. The work 
of interpretation is by no means easy at all points : 
but some results can be obtained at once and 
accurately, others are more difficult and less 
certain. 
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The clear separation of the spots on the aspar›
agine photograph and their arrangement on a few 
wellmarked lines show that the axis of rotation has 
coincided with an important direction in the crystal; 
that is to say, a line which passes through many 
lattice points to the unit of length, and is the inter›
section of a number of important sets of planes. 
The lattice points lying on the axis are of necessity 
equally spaced along it ; this must be so in a crystal. 
The magnitude of this spacing is readily obtained 
from the photograph. The spots obviously lie on a 
set of hyperbolre. If Vn denotes the distance of the 
vertex of the nth hyperbola from the horizontal 
line, which is called the equator, and if D is the 
distance from the crystal to the photographic plate, 
the spacing in question is equal to (A. cosec B)jn 
where tan e =vJD. The proof of this rule is to be 
found in books on the subject. Unless the spots 
are very hazy, this determination can be made 
with, at the very least, an accuracy of one or two 
per cent. 

Obviously, if a crystal were made to revolve about 
three different axes (not coplanar), we should in a 
similar way find the periodicities in three corre›
sponding directions in space and so determine the 
form of the crystal lattice. 

XRAY DIAGRAM OF CELI,ULOSE. 

Now if we take some cellulose fibre, such as 
ramie, and place it so that a fine pencil of homo

FIG. 4.Xray photograph of ramie fibre. 

geneous rays passes through it, afterwards falling 
on a photographic plate as in the experiment just 
described, we find that a spot design appears on the 
plate of a character exactly the same as that of the 
asparagine photograph. It is clear, therefore, that 

the fibre is in some respects crystalline. There is, 
however, one significant peculiarity in the manner 
of obtaining the ramie photograph. It is not 
necessary to rotate the substance as in the case of 

FIG. 5. Cystine. This kind of diagram, due to W. T. Astbury, is 
typical of a substance consisting of a multitude of very small 
crystals, not arranged with respect to each other. 

the asparagine. The explanation is that the ramie 
contains not one crystal but many crystals which 
have in common one important direction ; it must 
be important because the photograph has clear 
lines. Otherwise the crystals may have any dis›
position about this line as axis, so that the diagram 
is like that which a single crystal gives when it is 
made to rotate. 

It will be observed that the ramie photograph 
(Fig. 4) is not so clear as the other. That is mainly 
due to the incompleteness of the array of the 
crystals with respect to each other. 

Suppose that the disarray were complete, as it 
would be if the fibrous material were so pounded or 
otherwise treated that the crystals pointed all ways. 
There could then be no particular directions on the 
photograph ; no vertical or horizontal lines of sym›
metry. There could only be a set of rings, as if the 
fibre photograph were spun rapidly in its own plane 
about its centre. An example of such a photograph 
is given in Fig. 5 ; the material is cystine, one of 
the constituents of wool. It is due toW. T. Astbury 
of the Textile Research Department at the Univer›
versity of Leeds. 

When the spots in the photograph are sharp, we 
conclude that the crystals are well oriented in re›
spect to one direction, the fibre direction. When 
there is no orientation at all, the result is as in 
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Fig. 5. Every stage between is possible ; with a 
small departure from orientation, the spots merely 
begin to spread along the circles on which they lie. 

Some of the blurring is due, however, to the 
smallness of the crystals. The Xray action is of 
the nature of a diffraction, and it is well known that 
sharp images denote the combined action of many 
regularly arranged objects and vice versa. It is 
even possible to estimate roughly the number of 
the diffracting centres in the crystal from the 
spreading of the spot. This has been done by H. 
Mark, whose work on the whole subject is of first 
importance. 

If now we measure the distances of the vertices 
of the hyperbolre from the equator in this ramie 
photograph, we can, as already explained, find the 
length of the periodicity along the rotation axis. 
It comes out to be 10•3 A. (1 A. = 10s em.). 

Summing up, we now know that: 
(l) Cellulose contains crystals which may be in›

visible in the microscope but are clearly indicated 
by the Xrays : they are usually termed crystal›
lites. 

(2) These crystallites are partly oriented, having 
one direction in common, more or less. 

(3) In each crystallite there is a periodicity in 
this special direction of 10•3 A. This is often called 
the ’ identity period ’. 

It may not be safe to say that the whole of the 
cellulose is composed of crystallites, but there is a 
strong temptation to assume that this is so. Cellu›
lose is a multiple, as regards content, of the unit 
C8H1005, as we have seen reason to suppose that 
this unit forms a ring which is the basis of the 
structure. The Xrays do not suggest the presence 
of a second structure, having any real difference 
from the first : and we suppose, therefore, that the 
ring structure pervades the mass. When the Xray 
methods become more reliable in the matter of 
measuring the intensities of the reflection due to 
a. given weight of the substance, in comparison with 
other substances of similar and known structure, 
we shall be able no doubt to answer this question 
conclusively. 

COMPARTSON OF THE CHEMICAL AND XRAY 

ANALYSES. 

We now return to the results of the chemical 
examination of cellulose and ask how our new re›
sults harmonise therewith. As regards the first two 
deductions stated above, there can of course be no 
contradiction : we have simply obtained some 
additional information on the matter of structure. 
But the third deduction is of rather a different 

nature. If chemistry has suggested a special 
arrangement of the atoms, it must show a reason 
for the periodicity that has been discovered. Now 
the Xrays have shown us that atoms of carbon and 
oxygen, when built into the regular structure of 
crystals, can be said to have dimensions. They do 
not behave so simply as to warrant our thinking of 
them as hard spheres. But when the state of com›
bination of two atoms is known, the distance apart 
of their centres can be stated within limits so close 
as to give a determining value to estimates of 
structure. 

We know that two carbon atoms bound together 
in that strong fashion, which is sometimes described 
as due to the exercise of principle valencies, and is 
found in diamond, graphite, benzene, hydrocarbons, 
and the like, are at a distance of very nearly 1•5 A. 
from one another, centre to centre. We are not 
quite so sure of the value of the similar distance in 
the case of oxygen and carbon. But from parallel 
cases in calcite and elsewhere we can safely assume 
that it is about 1•2 A. In Fig. 2, due to Mark, an 
attempt is made to apply these known distances to 
the determination of the dimensions of the cello›
biose double ring. There is naturally some uncer›
tainty about it because the form of the ring is not 
yet known accurately. Moreover, the way in which 
the oxygen bridge is fitted in, while by no means 
devised ad hoc, can only be assumed from analogy 
with somewhat similar cases in other crystals. 

The length of the double ring comes out at 
10•3 A, agreeing with the Xray results. Notwith›
standing all its possibilites of error, such a coin›
cidence is most striking. It certainly supports 
excellently the idea that cellulose is essentially a 
long chain compound in which the glucose rings 
form the successive links, being attached to one 
another by oxygen bridges as shown in Fig. 2. 
According to Haworth ("Sugars", p. 84) the unit 
that is constantly repeated is formed of two rings 
or links, not of one, which means that the links 
differ from one another alternately. A difference 
of this kind is shown in Mark’s figure : the oxygen 
bridges lie, it will be observed, alternately on one 
side and on the other of the principal plane of the 
molecule. There is an imperfect repetition of the 
pattern at each link, and a perfect repetition at 
each second link. It is known that such a condition 
should manifest itself in the Xray diagram by the 
weakness of the spots in the first, third, and odd 
numbered hyperbolre as compared with the 
strength of the spots in the even numbered. The 
effect may wear off in the hyperbolre of high 
number. The weakness of the first cellulose 
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hyperbola as compared with the second is very 
obvious. 

Thus the Xray evidence is certainly, so far, in 
favour of the conception of cellulose as formed of 
chains of glucose rings. Throughout the whole 
length of the chain the bonds are of the strong type 
such as are found in diamond. The conception 
has been put forward before (Herzog, Zeit. ang. 
Chem., 34, 385; 1921. Polanyi, Naturwiss., 288, 
1921), though by no means accepted. It is 
described, for example, in Haworth’s "Sugars". 
The American botanist Sponsler, who has also 
used Xray methods, has maintained it ("Colloid 
Symposium Monograph", 1926). In particular, 
H. Mark has argued strongly in favour of it, and 
has supported his views by much experimental re›
search. Nevertheless, there are cellulose chemists 
to whom the idea does not appeal : Trogus and 
Hess, for example, have argued against it quite 
recently. 

If we try to estimate the value of such evidence 
as this, and of much more that will presently be 
considered, we must recognise that it is not fully 
decisive. On one hand, there are many factors 
which are not fully understood; on the other, 
the Xray analysis is clearly far from its full develop›
ment and does not yet handle its problems with 
the assurance of long experience. But even now 
the Xray evidence has a distinct value : it may be 
expected to be worth much more in the future. In 
this particular case, it is satisfactory to prove a 
periodicity which a very interesting and promising 
theory of cellulose would lead us to expect. 

THE UNIT OF PATTERN OF CELLULOSE. 

The diagram has obviously more to tell us than 
the value of the one periodicity we have been con›
sidering. The positions of the separate spots have 
information to give which goes far to determine the 

FIG. 6. 

form and dimensions of the 
unit of pattern. Suppose 
the unit to be represented 
by the rhomboidal cell in 
Fig. 6. The implication of 
the ’ cell ’ is that if we 
moved our point of view 
in the crystal from 0 to A 
or to B or to C, we should 
not be able to detect the 
change. Suppose that OB 

is the periodicity we have found, which we dis
tinguish by writing 10•3 alongside. All the other 
dimensions of the cell have yet to be found. 

Every spot on the equator is made by a set of 

planes to which OB is parallel. For example, the 
set of planes of which the planes OBDA and 
CGFE are consecutive members, contribute one 
spot to the equator row, and the position of the 
spot on the diagram gives us the perpendicular 
distance between the two faces mentioned. So 
also for the pair OBGC and ADFE. We may pick 
out two spots on the equator and decide, as we 
can with certain limitations which need not be 
discussed here, that we will make the planes to 
which these spots belong the faces of the unit cell. 
But the diagram does not tell us directly what 
angle these faces make with each other. If we 
had a single crystal instead of a multitude we 
should have no difficulty, because we should make 
a variety of diagrams by revolving the crystal about 
at least two other directions, such as OA and OC. 
It is this lack of the single crystal that most con›
tributes to the difficulty of our task. 

Nevertheless, we are not without means which 
will guide us indirectly if less certainly to a con›
clusion. To begin with, the general appearance 
of the diagram considered in comparison with 
others of like origin suggests strongly that the 
crystal is nearly if not quite monoclinic. In other 
words, the direction of periodicity OA and OC are 
nearly if not quite perpendicular to OB. We may 
safely assume for the present that they are so. For 
brevity’s sake I do not argue this out in full. If 
this is assumed, we have but one unknown left, 
namely, the angle between OA and OC. To find it 
we have the perpendiculars from A on OC and 
from C on OA. Also a definite assumption will 
carry with it the positions of all the other spots on 
the diagram, and though this is not so liberal in 
fresh information as it sounds, yet on the whole 
the determination of the angle is restricted to one 
or two very distinct possibilities. 

Much argument has been spent on the final 
choice. It appears that all the details of the dia›
gram are well satisfied if it is assumed that OA = 

8•35 A., OC =7•9 A., and the angle GOA =84° 
nearly. We have already determined OB to be 
10•3 (Mark and Meyer, Zeit. Phys. Chem., :!, ll5 ; 
Andress, Zeit. Phys. Chem., 2, 380). 

An approximate knowledge of the specific 
gravity of cellulose is enough to show that this cell 
contains four of the (C6H100 5) groups. 

Our picture is now taking shape. We picture 
these long chains as arranged parallel to OB 
(Fig. 6). If the axis of one chain lies along OB, the 
axes of exactly similar chains lie along AD, EF, and 
CG. Such an arrangement places the matter of 
two glucose rings within the six walls of the cell, 
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thus accounting for two out of the four rings. 
Here calculations based on the relative intensities 
of various spots come to our aid, and in a manner 
which can be found in accounts of Xrays methods, 
tell us that there is a chain in the middle of the 
cell, passing approximately through the centres of 
the faces OAEC and BDFG. This accounts for the 
other two rings. 

THE CRYSTALLITES. 

We must think, therefore, of the crystallite as 
composed of these long chains laid side by side like 
a bundle of sticks. This prompts us to consider 
next the manner in which the 
sticks are held together. 

model which is entirely in sympathy with this view. 
While the centre to centre distance of carbon atoms 
bound by primary valencies is nearly 1•5 A., the 
distance of closest approach of carbon atoms 
belonging to different molecules is about 3•5 A. 
In graphite, for example, the layers are separ›
ated by a distance of 3•41 A. In naphthalene, 
the corresponding distance is about 3•5 A.; in 
the fatty acids it is the same. If we consider the 
cellulose model, we see that some such distance 
must be assumed here also. Otherwise, the chains 
would not come into contact with each other ; 
they would not fill up the volume. For example, 

Now there is an obvious differ›
ence between the forces that bind 
together the links in each chain, 
and those that bind together the 
chains themselves. The former 
are relatively very strong, all of 
them being of the nature of 
those that are found in diamond. 

FIG. 8.Xray photographs of a paraffin C10H.,, at the ordinary temperature (A), and at 
the temperature of liquid air (B). (br. A. Muller.) The lines in the centre are due to 
the various orders of reflection by the long spacing, which is actually the length of the 
carbon chain. These are in the same positions in the two photographs. But certain 
lines farther out are due to the sideways spacings of the chains, and these are con›
siderably shifted by the change in temperature. 

But the latter are due to the mutual action 
of carbon atoms the primary valencies of which 
are satisfied by attachments of hydrogens and 
of hydroxyl groups. They are more of the nature 
of the forces that bind molecule to molecule in 
organic crystals like naphthalene. When naphtha›
lene melts or sublimes, its molecules are separated 
and these secondary valencies are snapped. But 
the work to be done is very small in comparison 
with that which is required to snap the primary 
valencies in the molecule itself. There are no 
hydroxyl groups in naphthalene, so that the second

l!G. 7.Skeleton diagram showing the relative positions of the chains. 
(From Mark and Meyer, Zeit. phys. Chern., 2, 122; 1929.) 

ary forces are not so large as those we may expect 
to find in our present case. But still there must 
be a very great difference between the forces within 
the chain and those from chain to chain. 

We find internal evidence in the structure of our 

the model shows the planes of the ring lying 
mainly in the ab and parallel planes, as in 
Fig. 7, due to Mark and Meyer (Zeit. phys. Chem., 
2, 122; 1929). The reflection from this set of 
planes is by far the strongest on the diagram, 
which is indeed a very important guide to the 
construction of the model. The distance from 
plane to plane is 3•95 A., which fits in very well with 
hypothesis. 

TEMPERATURE EFFECTS. 

A certain measure of confirmation comes from a 
different quarter. The coefficient of expansion of 
diamond with temperature is exceedingly small. 
In the case of graphite it is very small in the plane 
of the sheets, but many times greater at right 
angles thereto (Backhurst, Proc. Roy. Soc., 102, 
340; 1922). In other words, the sheets do not 
stretch as the temperature rises, but draw apart 
from each other. 

It is to be remembered that a comparison of 
Xray diagrams at different temperatures shows 
the expansion coefficients in every direction in a 
crystal. This is possible even when the crystal is 
microscopically invisible, though the accuracy 
is not so great as when we have a single perfect 
crystal that can be handled. 

The observations on diamond and graphite sug›
gest strongly that the strong carbon bonds in 
diamond and graphite stretch or contract very 
little with changes of temperature, while in the 
case of the weak bond in graphite there is a very 
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appreciable alteration in the centre to centre dis›
ta.nce. 

The point is further illustrated by an effective 
experiment due to Dr. Muller. A comparison of 
the two photographs in Fig. 8 shows that tempera›
ture affects the length of a carbon chain far less 
than the distance that separates the chains from 
one another. 

No doubt the changes in form which a crystal 
experiences when the temperature is varied are 
often complicated and are difficult to interpret. 
But in these simple cases it seems clear that we 
are observing a difference in the reaction of primary 
and secondary valencies. 

We might certainly expect very little change in 
the dimensions along the cellulose chain when the 
temperature is lowered to that of liquid air. This 
is exactly what Mark and Meyer have found (Zeit. 
phys. Chern., 2, 127). But there is a considerable 
change in other directions. 

MERCERIS.A.TION. 

The process known as mercerisation, so very inter›
esting from the scientific point of view, and so im›
portant industrially, produces notable changes in 
the Xray diagram. Yet so many of the original 
features remain that the new structure is obviously 
to be regarded as a modification of the old. Most 
important is the fact that there is no change in the 

dimensions of the separ
c=J c=J c=J ate links of the chain. 

"WJ (2Z Andress (Zeit. phys. 
r---1 Ohem.4,190)hasshown 
L.___j L_;__l "L_;__J that the new diagram 

can be fully explained 
[==:J if the sideways rela›

Fra. 9.General disposition of the tions of the chains with 
cellulose chains, looking along 
the c axis. 

respect to each other 
are somewhat varied, 

in the manner depicted in Figs. 9 and 10. The new 
arrangement is regarded as that of the stable form 
of the crystal, the oldeJ; as the metastable. 

The permanence of the identity period along the 
chain, and therefore of the chain itself, survives not 
only a physical alteration such as mercerisation, but 
also various chemical changes. For example, there 
are forms of trimethylcellulose, of acetylcellulose, 
and of nitrocellulose, which are crystalline, are of 
the same general form as •cellulose itself, and have 
the same periodicity of 10•3 in the fibre direction. 
In other directions there are great changes; clearly 
the introduction of new atomic groups between the 
chains must push them apart, though there may be 

no change in the chains lengthways. When by 
chemical means the stranger atoms have been taken 
away again, the original Xray diagram of cellulose 
is restored ; except that in some cases, depending 
on the nature of the treatment, the diagram of the 
recovered material is that of mercerised cellulose. 

There are, however, other examples of cellulose 
derivatives which show a more radical change as 
the result of chemical action. Another form of 
nitrocellulose shows, according to Mark, an identity 
period of 25 A. ; and 15 A. has been found in an 
acetylcellulose and a cuproamine cellulose. 

So, in general, the chain seems to retain its nature 
even when subjected to wide changes of temperature 
and to many 
chemical pro›
cesses. All this is 
in entire accord 
with the concep›
tion of the chain of 
glucose rings tied 
together through 
its whole length 
by strong bonds FIG. 10.General disposition of the chains 

In mercerised cellulose, looking along 
resembling those the c axis. 

of diamond : a 
conception encouraged by the studies of the sugar 
chemists and now supported by the X ray evidence. 
By sideways bonds the chains are tied togJther into 
bundles or micelles, and when the chains are long 
enough these sideways bonds, though individually 
far weaker than the others and more susceptible to 
physical and chemical action, will be strong enough 
to hold the bundle together as a definite lement in 
the structure of the cellulose. The process of the 
stretching and recovery from strain which fibres 
show in different degrees and ways, owe their many 
complications to the varied possibilities of gradual 
alterations in the alinement of the micelles, of their 
sliding past each other, of their partial recoveries, 
of their hysteresis, of their final partings when the 
strain is too great. But these properties of fibre are 
fully treated in other places. 

In fine, we have a striking and in some respects a 
very simple picture. A particular form of atomic 
combination has been chosen by Nature to be the 
basis of all plant structure, and in its essential 
structure it already embodies the fibre principle. 
The Xray analysis at least supports and gives some 
precision to views as to structure which have already 
been suggested. There are great possibilities ef 
improvement in the Xray methods ; and it may 
well be that before long their pronouncements will 
be much more definite. 
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