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SUMMARY 

A new structure is proposed for the polysaccharide chitin, [CsHlaOsN]n. X-ray 
diffraction fibre photographs of lobster tendon reveal a well-defined orthorhombic 
lattice with the space group P212121 and cell dimensions of a = 4.69 A, b = 19.13 A, 
and c = lO.43 A (fibre repeat). I t  is suggested that  the unit cell contains two poly- 
saccharide chains running in opposite directions and four asymmetric N-acetyl- 
glucosamine units which gives a density in close agreement with the observed experi- 
mental  value of 1.42 g/ml. The structure was arrived at by a trial and error method, 
with the aid of an optical diffractometer for testing the diffractiorr patterns of the 
various possibilities suggested by stereochemical considerations. The structure finally 
arrived at, is in good agreement with infra-red absorption data, and has no short 
contacts. The chains are separated by a distance of 4.69 .A, perpendicular to the 
"plane" of the sugar rings and consequently the NH and CO groups in the neigh- 
bouring aminoacetyl side chains are hydrogen bonded, the plane of the amide groups 
in the " t rans"  configuration being almost perpendicular to the fibre axis. The hydroxy- 
methyl  side chains containing a hydroxyl group are also hydrogen bonded, the OH 
of one being linked to the oxygen of a similar group from a neighbouring chain 
running in the opposite direction. The short hydroxyl group is intrahydrogen bonded 
to the oxygen of the amide group in the same asymmetric unit. The calculated in- 
tensities for the proposed set of coordinates are in fairly good agreement with observed 
X-ray intensities visually estimated from fibre photographs. 

INTRODUCTION 

Chitin, like cellulose, is a straight chain polysaccharide and is a condensation product 
of N-acetylglucosamine with the formula ECsH1305N] n ; it occurs both as well oriented 
fibres, as in the mandibular tendon of lobster, and in the form of sheets, as in the 
cuticles of arthropods. From X-ray diffraction photographs of lobster tendon MEYER 
AND PANKOW 1 deduced that  the unit cell is orthorhombic, with a = 9.40 fl-, b = 
lO.46/~ (fibre repeat) and c = 19.25 •. Observing odd order meridional reflections 
in their normal beam diffraction photographs, they rejected the possibility of a two- 
fold screw axis along the fibre axis. Further, from the absence of a first order reflection 
of 19.25 A, and also the possible absence in general of ool with l odd, they were led 
to the two possible space groups, namely P222~, and P2122~ for the structure. Of 
these, MEYER AND PANKOW 1 favoured the latter, which was also confirmed by 
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STRUCTURE OF CHITIN 417 

DARMON AND RUDALL 2 from their x-ray studies on doubly-oriented cuticles with the 
{ool} planes lying nearly parallel to the surface, which definitely revealed the absence 
of the IOO reflection of spacing 9.4 ° A. 

Postulating an analogy between cellulose and chitin, and using the known 
chemical configuration of N-acetylglucosamine, MEYER AND MARK3--also MEYER 
AND WEHRLI4--arrived at the spatial formula for chitin in which the pyranose rings 
are linked by  a 1, 4 type of bonding (Fig. I). This was confirmed by the work of 
BERGMANN, ZERVAS AND SILBERWEIT 5. MEYER AND PANKOW 1 a r r a n g e d  t h e  c h a i n s  

thus built up in their lattice so that  the chains were separated by about 9.6 A along c 
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Fig. I. The spat ial  configuration of side groups in chit in showing the two pyranose rings which 
consti tute the repeating unit  along the fibre axis. 

in the direction of the plane of the sugar rings, and by about 4.65 A along a in the 
direction perpendicular to them. With this arrangement of the chains conforming to 
the space group P21221 there are 4 chains, and therefore 8 pyranose rings, contained 
in the unit cell. However, the space group requires only 4 equivalent points in the 
general position. To overcome this difficulty MEYER AND PANKOW 1 introduced the 
concept of the chitobiose unit, analogous to the cellobiose unit in cellulose, in which 
they postulated that  the two adjacent pyranose rings along a chain, which together 
formed a fibre period of lO.46 A along the b axis, were similar but not crystallo- 
graphically identical in that  they do not pass into each other by any symmetry  
operation. Then, the four chitobiose units which occurred in the unit cell of the above 
dimensions led to a calculated density value of 1. 4 g/ml which agrees well with the 
measured value of 1.415 g/ml. 

RUDALL 6 suggested that  due to the presence of the amino-acetyl side chains oi 
chitin, C = O . . .  H - N  hydrogen bonds could be formed of the type common in 
proteins. In at tempting to make hydrogen bonds of this kind between amide groups 
of adjacent chains, RUDALL e found two possible different types of arrangement 
depending on whether the amide groups were in the trans or cis configuration. He 
then postulated that  both configurations were present in the structure depending 
upon the positioning of the side groups with respect to the 2-fold and screw axis 
elements in the lattice. RUDALL 6 believed that  this was supported by the interpre- 
tation of the infra-red absorption data obtained by DARMON AND SUTHERLAND 7. 
This does not, however, seem to be necessarily true (see DISCUSSION (b)). 

I t  is commonly found in most high polymers occurring in a crystalline form that  
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the  residues or uni ts  in a chain take  up  crys ta l lographica l ly  equiva lent  posit ions,  
ei ther  on an integral  or non- in tegra l  helix. I t  was therefore ra the r  surpr is ing tha t  the  
two pyranose  rings in the chit in chain were not  equivalent  c rys ta l lographica l ly  in 
MEYER AND PANKOW'S s t ruc ture  1. I t  is of course not  unusual  for the unit  cell of a 
c rys ta l  to conta in  more than  one set of equiva lent  groups as in this  case (8 units,  
forming two sets of four equiva lent  units).  However ,  there  appeared  to be a prima 
facie case for a re -examina t ion  of the s t ruc ture  owing to this  feature,  and  fur ther  
sc ru t iny  has just if ied the doubt .  Thus, the absence of a 2-fold screw axis along the 
fibre (b) axis was deduced from the occurrence of weak hor izonta l  s t reaks  along the 
mer id ian  at  posi t ions corresponding to the odd-order  reflections. This deduct ion  is, 
however ,  not  valid,  for such s t reaks  joining near ly  non-mer id ional  reflections are 
found in various fibres which, however,  do not  have an in tens i ty  peak  at  the  exact  
meridian.  Also, as will be shown in the  next  section, the 030 reflection can be proved  
to be non-meridional .  In  fact,  it  is found tha t  a uni t  cell wi th  half the above size is 
sufficient to index all the observed reflections and in this case there are just  4 equiv-  
a lent  groups in the or thorhombic  unit  cell. The detai ls  are given in the  next  section. 
The full s t ruc ture  has also been worked out  on the basis of this  new unit  cell and  it 
is discussed in the la ter  sections. 

UNIT CELL AND SPACE GROUP DETERMINATION 

X - r a y  diffract ion pho tographs  of fibrous chitin,  ob ta ined  from the mand ibu la r  
tendon of a lobster ,  were taken  with  a micro-camera  with  a very  fine coll imator,  

Fig. 2. X-ray  diffraction pho tograph  of chitin (enlarged to correspond to D = 4 cm) with X-ray  
beam normal  to fibre axis. 
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using Ni filtered Cu K s  radiation and with a fibre-film distance of 1. 5 cm (flat film 
technique). This is shown in Fig. 2. The fibre was purified by  treating it in the cold 
with dilute caustic potash, and then with dilute hydrochloric acid, each for about  
half an hour. I t  was then washed thoroughly in distilled water and dried with ether. 

The Bragg spacings d of all the observed reflections were accurately measured 
for all the layers and are tabulated in Table I. From the spacings, the values of 
(d*) ~ = ~2/d2 were calculated for all reflections. The fibre repeat c was measured as 
a mean of the layer-line spacings of the various observed layers and led to a value 
of c = lO.43 A. Using this, the ~2 value of each reflection was calculated from the 
formula ~2 = (d*)2 __ (12/c)2. All these values are tabulated in Table I. 

By  a method of trial and error the smallest possible unit cell was deduced. As 
mentioned above, the spacings of the layer lines gave directly the fibre repeat c = 
lO.43 A. The other two spacings a and b were obtained by  trim and error from the 

T A B L E  I 

DATA OBTAINED FROM MICRO-CAMERA PHOTOGRAPHS 

Bragg spacing Observed Observed Calculated Indices Observed intensity 
d(A) d *~ ~2 C" h k t Io 

E q u a t o r  

F i r s t  l a y e r  

Second l a y e r  

9.542 0.026 0.026 0.0260 020 19 
4-595 o.113 O.l l  3 o.1145 I iO ioo  
4.257 o.131 o.131 o.134o 12o o. 5 
3.761 o.168 o.168 o.1665 13o 12. 5 
3.328 o.215 o.215 o.212o 14o (o60)* 2 
2.311 0.445 0.445 0.4385 21o (200, 12 

220) 

9.o71 0.029 0.007 0.0065 Ol l  I 
6.94 ° o.o49 o.o27 o.o26o o21 4 
4.257 o.131 O.lO9 O.lO8O IOI (o41, 7 

i i i )  
3.914 o.155 o.133 o.134o 121 I 
3.183 o.235 o.213 o.212o 141 2. 5 
2.820 0.299 o.277 0.2705 151 (o71) I 
2.544 0.367 0.345 0.342o 161 2. 5 
2.288 o.454 o.432 0.4320 2Ol (211, 6 

171) 

5.056 0.093 arc - -  
4.514 O.l l  7 o.o26 o.o26o 
3.97 o o.151 o.o6o o.o585 
3.445 0.200 o . i i o  O.lO8O 
3.031 0.259 o.17o o.1665 
2.580 0.357 0.269 0.2705 
2.157 o.511 0.423 o.4265 

Th i rd  l a y e r  3.358 o. 211 arc - -  
3.157 o.239 o.o28 o.o26o 
2.772 o.31o o.113 o.1145 
2.544 0.367 o.17o o.1665 
2.237 0.475 0.278 0.2705 

F o u r t h  l a y e r  2.237 0.475 O.lO9 O.lO8O 
2.133 0.523 o.173 o.1665 

002 (012) 12 
o22 0.5 
032 4 
lO2 6 
132 5 
152 (072) 1. 5 
172 (082) I 

o13 5 ° 
023 3 
113 (lO3) 6 
133 (053) 6 
153 (o63) 1.5 

lO4 (114) 2.5 
134 (054) I 

Other  possible  indices  for the  reflect ions are also g iven in brackets .  
** W a s  sp l i t  in to  two non-mer id iona l  reflect ions in the  inc l ined  fibre pho tograph .  

Bioch im .  B i o p h y s .  Acta ,  44 (i96o) 416-435 



420 N.E. DWELTZ 

equation $2=  h2a*2 +k~b*2. The task was comparatively easy, since trial values of 
a and b were taken to be b -- 19.25 2k, corresponding to the spacing of the structure 
of MEYER AND PANKOW 1, and a 4.7 A which is half of MEYER AND PANKOW's 
value for a. The final dimensions were a = 4.69 A, b = 19.I 3 A and c = lO.43 A 
(fibre repeat). (Note the change in designation of the axes from that adopted by 
MEYER AND PANKOW1.) 

There is, however, one very faint reflection present in the general equatorial 
streak in the diffraction photographs with spacing d = 5.51 A, which does not fit 
in with this unit cell (or with the one given by MEYER AND PANKOWl). Consequently 
it has been omitted, as it is probably due to some radiation artifact or some impurity 
in the fibre used, which cannot be easily removed. Incidentally, this very weak 
reflection has not been observed by MEYER AND PANKOW. 

Thus the unit cell is half that given by MEYER AND PANKOW. Consequently 
the space-group has also to be redetermined. There seems to be clear evidence for 
the presence of a two-fold screw axis parallel to the fibre axis. This means that odd 
order meridional reflections should be absent. Now the first order meridional reflection 
is very, very faint and is in fact a long streak bridging the {Oli} reflections on either 
side of the meridian. This type of streak does not indicate the existence of a meri- 
dional reflection unless there is an intensification at the meridian, for it could arise 
from the occurrence of a cylindrical lattice (as is found in the 9-A layer of collagen) 
or from disorder, etc. Actually, no intensification was found on the meridian even 
in a tilted fibre photograph. 

Similarly, there is a very strong meridional arc on tile third layer in the normal 
beam picture, which has to be explained. A tilted fibre X-ray diffraction photograph 
was therefore taken with the fibre inclined at the equi-inclination angle of the third 
layer, namely 13 ° . The photograph (Fig. 3) clearly showed that the arc is split up 
into two non-meridional reflections which, however, still overlap, with the indices 
Ol 3. Similar tilted fibre photographs taken for the fourth and second layer equi- 
inclination angles revealed strong intensification of the meridional reflections 004 
and o02. No fifth order meridional reflection 005 was observed in the former. Thus 
reflections of the type ool with l odd seem to be absent and hence there must be a 
screw axis parallel to the fibre axis. 

Considering next the other two 2-fold axes parallel to a and b, it is seen from 
Table I that among hoo only 200 probably occurs, while among reflections of the 
type oko, 020 and 060 are recorded while OlO, 03o and 050 seem to be absent. I t  is 
therefore reasonable to assume that there is a 2-fold screw axis along b = i9.1 A, 
but along a the evidence is not clear since reflections with h > 2 are beyond the range 
of the observed diffraction pattern. Thus, the two possible space groups are P22121, 
and P21212 v all space-groups containing reflection or glide planes being impossible 
since the compound is asymmetric. 

The choice between the two space-groups was, however, readily made by con- 
sidering the possible structural configurations. It  will be seen that in the case of the 
space-group P22121 (Fig. 4(a)), the chains running in opposite directions would be 
in the same plane parallelto the I9.I-A axis, and also have the plane of their pyranose 
rings in this plane as well. As a result the side-chains belonging to the adjacent chains 
would either have to abut or interlock with each other. When the longer side-chains 
abut there will definitely be undesirable short contacts. When they are made to 
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interlock the orientation of the chains are such that  in no position do they give rise 
to suitable cross-chain hydrogen bonding between hydroxymethyl  groups of adjacent 
chains parallel to the plane of the pyranose rings, as is obtained in Fig. 4(c) with the 
space group P212~2 r Even if the chains are rotated about the screw axes parallel 
to them no suitable configuration is obtained for cross-chain hydrogen bonding. 
This cannot be achieved with the space group P22121 as the pyranose rings are 
separated by  4.7 7k in a direction perpendicular to the plane of the rings. In these 
respects, the space group P212121 is superior in that  there is a position in which adjacent 

Q . 

Fig. 3. X - r a y  dif f ract ion p h o t o g r a p h  of chi t in ,  wi th  fibre incl ined t h r o u g h  the  equi - inc l ina t ion  
angle  for t he  th i rd  l aye r  n a m e l y  13 ° f rom the  n o r m a l  pos i t ion  of Fig. 2. Note  t he  sp l i t t ing  of the  
mer id iona l  arc in t he  th i rd  l ayer  and  the  occurrence of a mer id iona l  spo t  in the  fou r th  layer .  

chains can be readily hydrogen bonded (as we shall see in a later section) to give a 
structure that  is stereochemically very satisfactory. This comes about because of the 
fact that  along the I9.I-/k direction, adjacent chains are not in the same plane but  
are staggered by  a half-unit translation along the a axis. Finally it may  be said that  
the absence of the IOO reflection is consistent with the space group P212121 although 
this alone would not demand the space group assigned. 

Consequently, chitin possesses an orthorhombic structure with cell parameters 
a = 4.70 •, b = 19.1/k and c ---- lO.43 7k (fibre period), and with the space group 
P212121, having four molecules per unit cell. 

ESTIMATION OF INTENSITIES OF REFLECTIONS 

To determine the intensities of the various reflections, X-ray fibre photographs of 
chitin were taken using a cylindrical camera of radius 3 cm, and Ni-filtered Cu K a  
radiation. The usual multiple film technique was adopted, although only two films 

Biochim. Biophys. Acta, 44 (196o) 416-435 



422 N.E. DWELTZ 

were used, and the exposure was made with the fibre stationary. The intensities of the 
reflections on both films were then visually estimated with the aid of a set of standard 
spots which were recorded using the intense reflection 020 from the chitin fibre itself. 

To obtain the integrated intensity of each reflection, the observed value of the 
peak intensity was multiplied by half the spread of the reflection along its corre- 
sponding powder ring. 
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F i g .  4(a) .  A s c h e m a t i c  c - p r o j e c t i o n  o f  o n e  h a l f  of  t h e  u n i t  c e l l  a l o n g  t h e  c - a x i s  in t h e  c a s e  of  t h e  
s p a c e  g r o u p  P 2 2 1 2 1 ;  (b) A s c h e m a t i c  c - p r o j e c t i o n  o f  o n e  h a l f  of  t h e  u n i t  c e l l  a l o n g  t h e  c - a x i s  in  
t h e  c a s e  of  t h e  s p a c e  g r o u p  P21212  t a n d  w i t h  t h e  p a r a m e t e r  u - -  o ;  (c) A s c h e m a t i c  c - p r o j e c t i o n  
of  o n e  h a l f  o f  t h e  u n i t  c e l l  a l o n g  t h e  c - a x i s  in  t h e  c a s e  o f  t h e  s p a c e  g r o u p  P e 1 2 t 2 j .  a n d  w i t h  t h e  

p a r a m e t e r  u = - - o . 2 5 .  
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These integrated intensities were then corrected by the Lorentz and polarization 
factors, which together are given for a general level by the expression 

I + C o s  2 2 0  C o s 0  

S i n  2 0 " ESin2 ~ - -  S i n  2 0] 

where, a is the angle between the normal to the reflecting planes (h k l)  and the 
fibre axis, and 0 is the Bragg angle. 

These corrected intensities were then suitably scaled to make the strongest 
observed reflection, namely i i o  with d = 4.59 A, equal to ioo. These final values 
of the observed intensities I 0 are given in Table I I I .  

D E T E R M I N A T I O N  OF T H E  S T R U C T U R E  

Models of the chitin chains were built up to scale in conformity with the chemical 
formula of chitin, and with the 1, 4 type of pyranose ring linkage through an oxygen 
atom. The bond distances and bond angles were made in accordance with standard 
values, while the directions of some of the bonds coming out of the ring as well as 
the "chair"  shaped configuration of the ring itself were maintained to be nearly 
the same as those found in the structure of glucosamine hydrobromide worked out 
bv Cox AND JEFFREY 8. The side chains were attached as indicated by the chemical 
formula, while the orientation of the longer side chain containing the amide group 
was arranged such that  the amide group held in the t rans  configuration was planar, 
and with its plane perpendicular to the fibre axis. This planarity of the amide group 
is now pre t ty  well established, while the particular orientation was adopted since the 
infra-red absorption data of DARMON AND RUDALL 2 indicate it. The hydroxymethyl  
or shorter side group was not rigidly fixed but was allowed to assume any convenient 
orientation. The chains, thus built up, were then set up in the orthorhombic unit cell 
so as to satisfy the symmetry  of the space group P21212 r The chains themselves were 
kept with their length along the screw axes 21 parallel to the c axis, which is required 
by its chemical structure (Fig. I). Then, the other two 2-fold screw axes pass mid- 
way between the chains. 

Fig. 4(b) shows schematically the projection of one half of the unit cell along 
the c axis. There are two chains in the unit cell running in opposite directions. If the 
chain nearer the origin of the lattice (A in Fig. 4(b)) is assumed to be coming up, the 
other near the middle of the cell (marked B) is going down. The chains A and A' 
separated along the a-axis are similar, and are a unit translation apart.  I t  was then 
possible to bond the amide groups of such adjacent chains, the N - H  of one chain 
bonding with the C = O  of a similar chain, the hydrogen bond distance being 2.8 A, 
while the associated bond angle is within the usual range. The O - H  group attached 
to the ring directly could not be bonded to any group in another adiacent chain. 
However, it could be internally hydrogen bonded with the oxygen atom of the 
amide group attached to the same chain, the O - H . . . O = C  bond distance being 
within the permitted limit of 2.8 &. 

The bonding of the hydroxymethyl  group was examined next. Now since the 
chains running in opposite directions parallel with the c axis have to coincide with 
the screw axes, the number of possible orientations for each chain is limited. The 
two possible degrees of freedom permitted for each chain are (i) a relative displace- 
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ment along the screw axis parallel to the c axis, and (2) a (slight) rotation of the 
chains about this axis. The latter is limited since the a-parameter is short and a 
large rotation would cause the atoms of the long side-chains containing the amide 
groups to approach each other and cause short contacts. Consequently, rotations of 
the two chains were not considered and only the effect of displacements of the chains 
along the screw axes were examined in detail. 

Initially the oxygen atom connecting two pyranose rings, namely 0 '  1, was 
adjusted to be in a special position, namely in the ab plane containing the origin. 
For convenience let this position be represented by a parameter  u = o, expressed 
as a fractional coordinate of the translation of the atom 0 '  1 along the positive c axis. 
Having thus fixed the position of chain A, the position of chain B was fixed by the 
operation of the screw axis parallel to the a axis. I t  was then found that  the hydroxy- 
methyl group of chain A could not hydrogen bond with the hydroxymethyl  group 
of chain B. Bonding of this group was then tried between similar chains A and A', 
and it was found that  it was possible to bond the hydroxymethyl  group of chain A' 
with the oxygen atom in the ring of chain A as shown in Fig. 4(b). The O - H . . . 0  
hydrogen bond distance was slightly too large, but it could be brought to a reasonable 
value by slightly distorting some bond angles. This arrangement was stereochemically 
not very satisfactory since unusual hydrogen bonding was encountered, and further 

N I 

~ Q  6 n ~  ~ l t  

, 'O. 

,o~ e l l  . t t ~  

F i g .  5. O p t i c a l  t r a n s f o r m s  of  t h e  a - p r o j e c t i o n  of  f o u r  u n i t  ce l l s  o f  t h e  s t r u c t u r e  h a v i n g  t h e  p a r a -  
m e t r e s  (a) u = - - o . o a ;  (b) u = - - o . 1 4 ;  (c) u = o . 1 6 ;  (d) u = - - o . 1 8 .  
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there was no stabilizing cross-hydrogen bonding between chains A and B. However, 
the coordinates of all the carbon, nitrogen and oxygen atoms in one asymmetric 
unit were obtained as accurately as possible from the model. The intensities of all 
the reflections within the observed sin 0 range were calculated and compared with 
the observed intensities. 

Fairly good agreement was obtained for the zero level, but for higher levels 
the agreement was far from good as large discrepancies between calculated and 
observed intensities were found. This indicated that in projection the structure was 
almost correct, i.e., that  the coordinates along the fibre axis were evidently in error 
while the x and y coordinates were almost correct. The correctness of the projection 
indicated that no rotation of the chains about the fibre axis was required and that a 
shift along the fibre axis was necessary for getting good agreement with higher 
layer data. 

This shift was then applied to the chain A, the oxygen atom 0 '  1 being moved 
down along the negative direction of c by 0.25 of the translation c. This configuration 
is represented by the parameter u = --0.25,  and is the maximum shift which must 
be considered, all possible configurations being contained in the range 0.25 u. Bonding 
between the hydroxymethyl groups of chain A and A' with the hydroxymethyl 
group in chain B now became possible, the type of bonding being as shown in Fig. 4(c), 
where the O - H . . . O  hydrogen bonds are inclined at about 45 ° to the planes of the 
sugar rings. The hydrogen bond angles are better than before though the bond 
distance is slightly large, around 2. 9 A. This structure is more satisfactory than the 
former in that cross hydrogen bonding between all chains is now possible. The intensi- 
ties of all reflections within the observed range of sin 0 were again calculated and 
checked against the observed intensities. More satisfactory agreement was found 
for some levels though the agreement was not complete. 

This indicated that the z coordinates were still in error, and a change in the 
parameter u was required. The parameter was therefore varied continuously between 
u = o and u ---- - -0,25 and the condition for the most satisfactory hydrogen bonding 
of hydroxymethyl groups of adjacent chains was examined. It  was found that hydro- 
gen bonding was possible within fairly wide limits of translation of the chains, from 
about u = --0.08 to u = --0.25, with the best hydrogen bonding around u ------o.14. 
I t  was then decided to t ry out four different configurations represented by the 
parameters u = --0.08, u = --o.14,  u = - -o .16  and u = --o.18. Values of [u I > 
o.18 were not considered as u = - - 0 . 2 5  did not give very satisfactory agreement 
with observed data. 

In order to reduce the amount of work, optical transforms of the a-projection 
of the four different structures were taken. These were obtained using a diffractometer 
constructed in the laboratory. In this way all the general reflections hkl could not be 
obtained, but only reflections of the type okl. However, these were sufficient to decide 
the correct position of the chains from among the four configurations decided upon. 
This was because most of the low angle reflections observed were of the type okl, 
and also because many of them were in the high intensity group with clearly-marked 
ratios among their various individual intensities. 

Four a-projection masks were prepared for the four different structures mentioned 
earlier; the optical transforms corresponding to the four values of u are shown in Fig. 5- 

The transforms obtained with the parameters u = - - o . 0 8  and u = - - o . 1 8  
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indicated ratios among the intensities which were rather different from those in the 
x-ray diffraction photographs. For instance in Fig. 5(a) with the chains having the 
parameter u ~-- --0.08, the third layer was very weak in the transform, whereas a 
strong x-ray reflection o13 is actually recorded. In addition to this the second and 
fourth order meridional reflections were also absent in the transform indicating that 
the structure was considerably in error. In the transform obtained with the para- 
meter u = - -o .18 (Fig. 5(d)) the general appearance was better in that the fourth 
order meridional reflection was observed, and also the reflection o13 was not too 
weak. Here again the ratios of the intensities were not quite correct, the intensity of 
Ol 4 being too high. This was again an indication that the structure was in error. 

In the transform obtained with the chains having the parameter u - -~ - -o .16  
(Fig. 5(c)) the general appearance was better than for u---- --o.18,  in that 004 was 
stronger while Ol 4 had decreased. Again o13 was stronger than before though not 
as strong as it should be, and the magnitude of the ratios among other reflections 
had also improved indicating that the correct configuration was a little lower probably 
at u = --o.14. 

The transform with u = - -o .14  (Fig. 5(b)) gave the best results of all, the agree- 
ment with observed x-ray diffraction data being good for all levels. The Ol 4 reflection 
had almost fallen to zero, while the magnitude of o13 was the highest recorded over 
the entire range studied. The ratio of Oli to o21 was also fairly near the experimental 
value. The actual magnitudes of the different ratios, were, however, not quite correct 
indicating that while the positions of the main chain in the lattice were roughly 
correct, the coordinates of the atoms in the side chains required slight alteration. 

An excellent feature of this configuration with parameter u = - -o .14  was that 
the O - H . . . 0  hydrogen bonds between the hydroxymethyl groups of adjacent 
chains were the shortest possible (2.8 A), and further the O-H group was also directed 
almost straight to the oxygen atom of the adjacent group. 

Before calculating the intensities for all reflections, the amide group was tilted 
very slightly so as to improve the internal hydrogen bond distance to 2.6 2~. An 
optical transform taken with this minor change indicated slight improvement thus 
confirming the shorter bond distance. 

Refinement of the structure was stopped at this stage and the calculation of 
intensities for all reflections was carried out. Since the agreement for the zero level 
was found to be good, no attempt was made to rotate the chains about the screw 
axis. Thus in the c-projection the plane of the rings is perpendicular to the a axis. The 
final fractional coordinates of one asymmetric unit are given in Table I I  omitting 
the hydrogen atoms. These final coordinates are expected to be accurate to about 
-¢- 0.5 A for atoms in the side-groups and much less for atoms in the pyranose ring. 
A more accurate estimate of the coordinates, as well as the deviation of the various 
atoms in the molecule from these coordinates is not possible at this stage. Further 
refinements in the coordinates is possible by adopting the least square refinement 
techniques, but this is not likely to alter the sterochemical configuration of the present 
molecular arrangement. 

COMPARISON OF CALCULATED AND OBSERVED INTENSITIES 

The intensities of all reflections up to the fourth layer were calculated, so as to cover 
the observed range of sin 0 using the standard formula for the space group P21212 t 
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given in the International Tables for Crystallography and also the standard scattering 
factors for carbon, nitrogen and oxygen atoms given by VIERVOLL A N D  (~GRIM 9. 

In these calculations the contributions of the hydrogen atoms have been ignored. 
The calculated intensities were corrected for a temperature effect, by  applying the 
usual temperature factor for intensities, namely exp- -2B(s in  0/4) 2. An isotropic 

T A B L E  I I  

DESCRIPTION OF THE STRUCTURE OF CHITIN; FRACTIONAL COORDINATES OF 
ATOMS IN ONE N-ACI~TYLGLUCOSAMINE RESIDUE 

U n i t  Ce l l :  O r t h o r h o m b i c ;  a = 4 .69 /~ . ;  b = 19 .13  ~ ;  c = lO.43  ~ (f ibre  r e p e a t ) .  S p a c e - g r o u p :  
P212121 .  Se t  of  e q u i v a l e n t  p o i n t s :  x , y , z ;  1/2 - -  x ,  y ,  1/2 + z;  1/2 + x ,  1/2 - -  y ,  z ;  x ,  ~ + y ,  1/2 - -  z .  

Atom x y z 

C 1 0 . 3 2 4  o 0 . 2 3 2  
C 2 0 . 2 2 3  - - 0 . 0 6 3  o . 1 9 o  
C 3 0 . 2 7 6  - - 0 . 0 6 3  o . o 4 6  
C 4 o . I 6 4  o - - 0 . 0 0 2  
C~ 0 . 2 5 0  0 . 0 6 3  0 . 0 4 6  
C~ 0 . 0 8 4  o . 1 3 6  o 
C 7 o . 1 7 o  - - o . 1 7 5  o . 2 o l  
C s o . 2 5 5  - - o . 2 5 1  0 . 2 5 4  

N 0 . 3 8 3  - -  o . 1 2 o  0 . 2 0 6  

0 1  0 . 2 5 0  o 0 . 3 6 0  
0 2  - -  0 . 0 4 4  - -  o . 1 6 7  o . 1 7 9  
0 3  o . 1 5 5  - -  O.lO 7 - -  o . 0 7 7  
O~ 0 . 2 5 0  0 . 0 6 3  o . 1 9 o  
O s 0 . 2 5 0  0 . 2 0 0  o 

temperature factor was assumed, and it was found that  a value of B ---- 1. 5 J~2 agreed 
best with the observed decay of intensities with increasing Bragg angle. All the 
calculated intensities were then corrected for the temperature effect with this value, 
and these corrected intensities Ic are given in Table I I I .  

The intensities Ic were then scaled so that  the most intense reflection, namely 
IiO with spacing 4-59 A, had a value IOO. The other calculated intensities were 
similarly scaled, and these values Ic* are also given in Table I I I .  

From the sin 0 values in Table I I I  it will be noticed that  many  calculated reflec- 
tions hkl have Bragg angles quite close to one another. Since in x-ray diffraction 
photographs of fibres, the reflections are diffuse and have a definite spread of intensity, 
allowance has to be made for the possible overlap of reflections. Consequently, the 
intensities of overlapping reflections have been added together wherever it occurs. 
These total intensities have also been given in the column Ic*, bracketing those 
reflections which have contributed to the sum. Comparison of calculated and observed 
intensities indicate good agreement for all levels. 

However, a few near-meridional reflections are still found to have a larger ob- 
served intensity than the values calculated for them. This phenomenon must be 
attr ibuted to the fact that  the fibres have a small spread in their orientation with 
respect to the fibre axis. Since the Lorentz factor is very sensitive to small changes in 
~: near the meridian (actually --+ oo for ~ = o), the observed intensity will be larger, 
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T A B L E  I I I  

CALCULATED AND OBSERVED INTENSITIES 

h k o Calculated lc Ic* Observed io 
sin 0 sin 0 

Z e r o  l a y e r  0 2 0  o .o81  4 7 9 0  21 .o  
0 4 0  o . 1 6 o  29 o 
I i O  o . 1 6 8  2 2 8 o 2  IOO.O 
12o  o .181 135 0 . 6  
13o  o .2o  5 481 2.1 
14o o . 2 3 2  213  0 .9  
0 6 0  o . 2 4 0  243 I , I  
15o  0 . 2 5 9  128 0 .6  
16o  o .291  68 o .3  
0 8 o  o .321  o o 
17o 0 . 3 2 5  78 0 .3  
2o0  0 . 3 2 9  3o61 13.4  
21o  o . 3 3 4  14 o . i  
220  0 . 3 3 9  548  2. 4 
230  0 .35  ° lO4 0 .5  
18o  0 . 3 6 o  12 o 
2 4 0  0 . 3 6 6  539  2-4 
25 ° 0 . 3 8 5  28 o . I  
19o  0 . 3 9 6  46  0 .2  

OlOO o . 4 o l  52 0 .2  
260  0 . 4 0 7  76 0 .3  

I lOO 0 . 4 2 9  82 0. 4 
270  0 , 4 3 2  o o 
280  0 . 4 5 9  21 o . I  
29 ° 0 . 4 8 8  19 o . I  

1' 7 

o .o81  19 .o  

o . 1 6 8  IOO.O 
o .181  0. 5 
0 .2o  5 12. 5 

0 . 2 4 0  2 .0  

15. 9 0 . 3 3 4  12 .o  

2 .9  0 , 3 6 5  2 .5  

1.1 0 . 4 0 8  1.5 

Calculated ic Ic* Observed io 
h k 1 sin 0 sin 0 

F i r s t  l a y e r  o i i 0 . 0 8 5  189 o. 8 0 . 0 8 5  i . o  
o21 o . i i i  1639  7.2 o . i i i  4 .0  
o31 o .141  491 2.2 
o41 o . 1 7 7  1 7 7 2  7 . 8 ~  
lO l  o .181  7 ° / 12.2  o .181  7 .0  
I I I  o . 1 8 5  9 9 8  4 .4  / 
121 o . 1 9 7  372 1.6 o . 1 9 8  I.O 
o51 O.214 63 0 .3  
131 0 . 2 1 7  263 1.2 
141 O.242 356  1.6 O.242 2.5 
o61 0 . 2 5 2  69 O.3 
151 0 . 2 7 3  4 o 
o71 0 . 2 9 0  177 o .8  0 . 2 8 0  I.O 
161 0 . 3 0 3  5 2 4  2. 3 o .3o5  2 .5  
o81 o . 3 2 9  194 0 .9  
171 0 . 3 3 3  13o o .6  
2Ol 0 . 3 3 7  187 0 .8  ~ 4 .0  o . 3 3 8  6 .0  
211 o .34  ° 235  I . I  
221 0 . 3 4 7  131 o .6  
231 o . 3 5 8  59 0 .3  
181 0 . 3 6 8  188 0 .8  o . 3 6 8  I.O 
091 0 . 3 6 8  7 o 
241 0 . 3 7 3  21 o . I  
2 5 i  0 . 3 9 2  19 o . I  
191 o . 4 o 3  33 0 .2  I 0"4 0"403 I.O 

OlOI 0 . 4 0 7  13 o . I  
i i o i  0 . 4 3 9  3 o 
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T A B L E  I I I  (continued) 

429 

Observed Calculated i c I c* Io 
h k z sin O sin 0 

Second layer 002 o.148 197 0.9 / 
o12 o.153 777  3.4 ~ 4.3 °.148 12.o 
022  o.168 27 o.I o.17o 0.5 
o32 o.191 709 3.1 o.194 4.0 
042 o.218 72 0.3 

lO2 o.221 136 0.6 t 1"5 0"224 6.o 
112 0 . 2 2 5  3 2  0 . 2  

122 0.236 97 o.4 
052 o.249 56 o.2 
132 ° '252 381 1"7 t 3"o o.255 5.o 
142 0.273 251 i . I  
062 0.282 12 o.1 
152 0.299 68 0.3 
072 o.317 417 1.8 o.31o 1.5 
162 0.327 314 1.4 0.33 ° 1.5 
o82 o.353 12 o.I 
172 0.357 240 I . I  0.357 I.O 
202 o.361 I I  o 
212 0.363 8 o 
222 0.37 ° 142 o.6 
232 0.380 16 o.I  
182 0.389 483 2.1 6.1 o.39o 4.0 
o92 o.39o 743 3.3 
242 0.395 23 o.I 

t 
192 0.423 14 o.I 

OlO2 0.427 99 0.4 
11o2 0.458 119 0.5 

Observed Calculated I¢ I c* I ,  
h k 3 sin 0 sin 0 

Third layer Ol 3 o.226 2831 12.4 o.226 50.0 
o23 o.236 lO95 4.8 o.24o 3 .o 
033 o.252 37 0.2 
043 0.274 12 o.I 
lO3 0.276 54 0.2 
113 o.279 453 2.o 3.1 o.278 6.o 
123 o.288 183 0.8 
053 0.299 882 3.9 
133 o.3ol lO4 0.5 I 6.0 0.303 6.0 
143 o.319 365 1.6 
063 o.327 205 o . 9 /  
153 o.341 69 °"31 1.8 0.345 1. 5 
073 o.358 145 o.6 
163 0.366 9 o 
o83 0.39o IO o 
173 0.394 127 0.6 
203 0.397 118 o. 5 

even after correcting for the Lorentz factor corresponding to the mean value of ~. 
If allowance is made for this fact, the agreement between observed and calculated 
intensities can be considered to be fairly good even for these reflections. 

B i o c h i m ,  B i o p h y s .  A c t a ,  44 (196o) 416-435 



430 N. E. DWELTZ 

TABLE I I I  (continued) 

h k 4 Calculated Observed 
sin 0 Ic Ic* sin 0 I° 

F o u r t h  layer  oo 4 o.296 1266 5.6 * 
o14 o.299 892 3.9 o.297 4.o 
o24 o.3o 7 157 o.7 
034 o.319 636 2.8 0.320 1. 5 
044 0.336 24 o.I 
lO 4 o.339 322 I 4 

i ' o  1 114 o.341 223 2.9 o.34 ° 2. 5 
124 0.348 112 O15 i 
054 0.357 64 O.3 
134 o.359 IOO 0. 4~ 1.2 o.361 I.O 
144 0-375 114 o.5 J 
064 o.381 2 O 

* Not  observed due to fibre orientation.  

DISCUSSION 

(a) Description of the structure 

The structure in its final form consists of two chains running in opposite direc- 
tions with screw axes lying along the chain directions. There are four asymmetric 
N-acetylglucosamine residues per unit cell. The 1, 4 type of bonding through an 
oxygen atom links the adjacent rings, which are "chair" shaped while the "planes" 
of the rings are perpendicular to the short repeat a = 4.69 2~. Fig. 6 represents the 
a-projection of the final structure, while Fig. 7 represents the c-proiection with only 
half the unit cell along the fibre axis c projected. That  is, it is a projection of just two 
asymmetric units which are approximately at the same height and belong to adjacent 
chains running in opposite directions. From Figs. 6 and 7 it can be seen that  the 
plane of the amide group is almost parallel with the ab-plane, and is very slightly 
inclined to it. 

A list of bond distances and associated bond angles are given in Table IV for 
one asymmetric unit of the structure. The bond distances are expected to be cor- 
rect to about 4- 0.05 A, while the bond angles may  not deviate by more than 4- 3 ° 
from the listed values. The table also includes the bond distances and bond angles 
of the three hydrogen bonds present per single asymmetric unit of the structure. 

(b) Comparison with infra-red data 

I t  is interesting to note that  the orientation of the amide group in the proposed 
structure is in good agreement with the infra-red absorption data published by  
DARMON AND RUDALL 2. These workers found absorption frequencies indicating that  
the C = O  and NH groups participate in intergroup hydrogen bonding of the type 
N - H . . .  O=C,  and that  the strength of these hydrogen bonds were comparable 
with those in polyamides and proteins. They found that  the N - H  stretching band at 
3265 cm -1 and the C = O  stretching band at 1656 cm -1 both exhibit perpendicular 
dichroism, as also the N - H  deformation band at 156o cm -1. Now the latter band 
can be shown to arise from the deformation of the N - H  bond in the plane of the 
amide group, and it is thus apparent from the above data that  the plane of the 
amide group as well as the C----O and N - H  bonds themselves should be roughly 
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perpendicular to the chain axis. The hydrogenic stretching absorption frequency 
has also probably overlapped with the N - H  stretching frequency around 3250 cm -1 
to give strong perpendicular dichroism in this vicinity. 

The second feature of interest in the structure is the internal hydrogen bond 
O - H . . .  O = C  which, as can be seen from Figs. 6 and 7, is approximately parallel 
to the fibre axis. DARMON AND RUDALL ~ have observed an absorption band at 
3485 cm -1 which has parallel dichroism. This band has been attr ibuted by  them to 
be a weakly bonded O - H  vibration. This frequency or the one at 3445 cm-1 (the lat ter  
more likely) can thus be associated with the hydrogenic stretching frequency of a 
weakly bonded O - H  . . .  O~--C hydrogen bond with parallel dichroism. The band at 
2750 cm -1 may also be attr ibuted to this bond. Thus the internal hydrogen bond is 
also in agreement with infra-red data. 

The third feature of interest in the structure is the lateral O - H . . .  0 hydrogen 
bond between the hydroxymethyl  groups of the shorter side-chains of main adjacent 
chains running in opposite directions. From the projections given in Fig. 9 and IO 
it is clearly seen that  this hydrogen bond is perpendicular to the fibre axis. Now 

1 1 1 

1 ' 

Fig. 6. The  a -pro jec t ion  of t h e  final s t ruc ture .  

O HYDROGEN 1 

• C,,R.o. / O~ 

O o  .. . .  - ' ~  - ' . ~  
0 - - " ~ b  • 

-..__ ~ o^/0o~Z-o ° .:'~ ~ 
4. 3 _t j  . . . . .  

L 

1 

L 
Fig. 7. The  c-project ion (fibre) of one ha l f  of t h e  un i t  cell a long  t he  c-axis  of t he  final s t ruc tu re .  
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T A B L E  I V  

BOND DISTANCES AND BOND ANGLES 

Bond Bond distance (,~) Atoms in bond Angle (degrees) 

C1-C a i .48 
Ca-C s i .54 
C3 C4 1.48 
C4-C 5 1.47 
C5-O 5 1.5 ° 
C 5- C 3 i .  58 
C3-O 3 1.3o 
C6-O 6 1.5o 

O5-C 1 1.47 
O1-C 1 1.48 
C a - N  1.42 
N - C  v 1.47 
C7-C s 1.54 
CT-Oa 1.1o 

Hydrogen bond distance 

N - H . . .  O a' 2.82 
O 3 - H . . .  O a 2.58 
O 6 - H . . .  06 '  2.80 

O s - C # - O  1 I 12 
C2-C1-O 1 I 12 
O5-C1-C a I 12 
C 1- Cz-C 3 I 12 
Ca- C3-C 4 112 
C a- C4-C 5 I 12 
C 4 - C 5 - O  5 I I I 

C 5 - O 5 - C  1 I 16  

O5-C5-C 6 109 
C4-C5-C ¢ 109 
C~-C~-O 0 I 18 
C4-C3-O 8 lO9 
C 2- C3-O 3 I 12 
C3-C2-1g lO 7 
C1-C2-2{ lO 9 
C a - N -  C~ I I I 
N - C 7 - C  8 128 
N - C 7 = O  a 12o 

Cs-CT=O a I 12 

Hydrogen bond angles 

CT-N ( H ) . . .  O (  115 

C6-Oa(H)  • . .  0 6 '  97 
C a - O a ( H  ) . . . O~ 97 

DARMON AND RUDALL 2 have observed an absorption band at 31oo cm-: with strong 
perpendicular dichroism. But they have attributed this to a second N -H  stretching 
mode. This, however, is very unlikely as the frequency is far below the usual values 
assigned to the N-H  stretching mode. On the other hand, it is conveniently within 
the normal range of an 0 - H . . . 0  hydrogenic stretching frequency. From the magni- 
tude of this absorption frequency it is indicated that these cross hydrogen bonds 
have a fairly high bond energy, around 7 kcal/mole. Thus the O - H . . .  O hydrogen 
bond perpendicular to the fibre axis is also in agreement with infra-red data. 

The CH 2 group in this hydroxymethyl  side-chain is oriented such that the CH2 
plane is roughly parallel to the fibre axis (Figs. 6 and 7), with each of the C-H bonds 
equally inclined to the ab plane. In other words the bisector of the H-C-H angle 
of this group is in the ab plane and is perpendicular to the fibre axis. Consequently, 
the symmetric stretching frequency of the CH, group should show perpendicular 
dichroism. The antisymmetric stretching frequency should show parallel dichroism, 
and the wagging frequency of the CH 2 plane should show perpendicular dichroism. 
Now according to TSUBOI TM the symmetric frequency of the CH~, group in polysac- 
charides (cellulose) is about 285o cm -1, the antisymmetric stretching frequency for 
the CH2 group is about 2960 cm -~, the CH 2 wagging frequency around 125o cm -~ 
and the CH 2 rocking frequency around lO3O cm -1. An examination of these bands 
(assuming them to be roughly the same for chitin) in the absorption curve provided 
by DARMON AND RUDALL 2 reveals parallel dichroism at 2960 cm -~ indicating that the 
antisymmetric stretching frequency is parallel to the fibre axis; perpendicular di- 
chroism at 284o cm -1 indicating that the symmetric stretching frequency of the 
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CH~ group is perpendicular to the fibre axis; and perpendicular dichroism at 127o 
cm -I indicating that  the wagging frequency of the CH 2 plane is perpendicular to the 
fibre axis. Also strong parallel dichroism at lO3O cm -1 in the spectrum indicates 
that the in-plane rocking frequency of the CH 2 plane is parallel to the fibre axis. This 
very close agreement of the infra-red absorption data for the various modes of vibra- 
tion of the CHz group thus confirms the orientation of the hydroxymethyl  side-group 
containing the CH 2 group. A complete list of infra-red absorption data is given in 
Table V. 

TABLE V 
INFRA-RED ABSORPTION DATA ACCORDING TO DARMON AND RUDALL 

A bsorption frequency Dichroism expected 
?cm *) Observed dichroism from #resent structure Assignmen~ 

3485 II II 
3445 /I /I 
3265 ± ± 
31oo ± ± 
2960 // // 
2840 ± ± 
1656 ± ± 
156o ± ± 

127o ± ± 
I030 / /  / /  

O-H stretching 
O - H . . .  O = C  hydrogenic stretching 
N - H  stretching 
O - F I . . .  O hydrogenic stretching 
CH 2 antisymmetric stretching 
CHz symmetric stretching 
C=O stretching 
N-H in plane deformation 
CH 2 wagging frequency 
CH 2 rocking frequency 

The earlier structure proposed by MEYER AND PANKOW 1 had no stabilizing 
hydrogen bonds along the 19.25 A axis, and at the same time it left all hydroxyl groups 
unbonded. Both these conditions are stereochemically undesirable. In both respects 
the present structure is more satisfactory. Further it is in fairly good agreement both 
with x-ray diffraction data and infra-red absorption data. The most interesting aspect 
of this structure determination is the fact that the configuration which from the accept- 
ed criteria of stereochemistry may be said to be the most satisfactory, is the one 
which is actually taken up. 

The results of this investigation confirm the unit cell parameters and the ortho- 
rhombic space group P212121 proposed by CARLSTROM n. However, they have led 
to a straight chain structure, instead of the buckled structure adopted by CARLSTROM, 

and also to somewhat different types of hydrogen bonds. We feel that the present 
structure should be considered to be more satisfactory for the following reasons. 

In the structure proposed by CARLSTROM the chains are buckled, with the result 
that  the hydroxymethyl  side-groups cannot be hydrogen bonded, the distance be- 
tween the oxygen atoms of these side groups in adjacent chains being 3-3 A. This 
renders the structure unstable since the chains are unbonded along the long 19 A 
axis. On the other hand, in the attempt to make this hydrogen bond as strong as 
possible, we found that the relative disposition of the two chains in the unit cell 
thus obtained also gave the best agreement with the X-ray diffraction pattern. 

Now the infra-red absorption spectrum of DARMON AND RUDALL 2 indicates no 
absorption band at 3640 cm -1 corresponding to the unbonded O-H stretching 
frequency, but  only bands at lower wave numbers indicating that  the hydroxyl 
groups in the structure are all hydrogen bonded. Now if we assume that due to hy- 
drogen bonding the O-H stretching frequency has shifted to lower wave numbers, 
and has overlapped either with the true N-H stretching frequency observed at 
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3265 cm -1 or with its strongly dichroic companion at 31oo cm -1, both of which 
show perpendicular dichroism, then lateral hydrogen bonding between adjacent 
chains becomes essential, the hydrogen bonds being perpendicular to the fibre axis. 

Now the reason for the buckling of the chains in CARLSTROM'S structure seems 
to be three-fold. In the first place, bonding is achieved between the short hydroxyl 
group of one asymmetric residue and the ring oxygen of the next. If this bond really 
exists, it must be very strong to force the chains to buckle. But the small frequency 
shift from 3640 cm -1 to the observed band at 3485 cm -1 indicates that  the hydrogen 
bonding is fairly weak. Furthermore, the fact that  the ring oxygen is almost saturated 
and is not sufficiently negative indicates that  this hydrogen bond if present would 
be rather weak. This is also confirmed by the fact that  in the structure of sucrose 
by BEEVERS, McDONALD et al. 12, the ring oxygen does not take part  in hydrogen 
bonding, while in the structure of a-glucose by  McDONALD AND BEEVERS 13 the ring 
oxygen only bonds weakly with the hydrogen atom attached to the oxygen atom 01 . 
On the other hand the hydroxyl group can be conveniently hydrogen bonded to the 
oxygen of the amide group in the same asymmetric unit which is sufficiently negative 
to take part  in double hydrogen bonding. This bonding is also parallel to the fibre 
axis and is rather weak, and thus accounts for the absorption band at 3485 cm -1 
having parallel dichroism. 

The second reason for buckling of the chains is the short contact between the 
nitrogen atom of one residue and the carbon atom C' e of the residue above. Now in 
the present straight chain structure, this interatomic distance is 3.1 2~, which is 
really not a short contact since a number of instances of such short interatomic 
distances between C and N atoms are known. This distance can in fact be increased 
to 3-4 A by  making slight alterations in the interatomic angles and thereby slightly 
changing the atomic coordinates of the various atoms in the side chain. This, how- 
ever, calls for refinement of the structure which is reserved for further work. 

Thirdly, buckling of chains was resorted to in order to remove the steric inter- 
ference between the hydrogen atoms on the carbon atoms C 1 and C'4. In the present 
straight chain structure the distance between these hydrogen atoms (see Fig. 6) is 
about 2. 3 A. A distance larger than 2.0 A between the hydrogens seems to be gener- 
ally permissible. In fact a van der Waals contact distance of 2. 3 ~ between the 
hydrogens of CH 2 groups occurs in the structure of diglycine hydrochloride (HAHN 
AND BUERGER14). Thus, no serious steric interference could be considered to exist in 
the straight chain configuration proposed in this paper. 
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