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fl-D-Glucose (C6HlzO6) consists of a pyranose ring with substituents which are all equatorial. I t  
crystallizes in the orthorhombic system with a = 9.29 ___ 0.04, b = 12-65 _ 0.02, c = 6.70 ___ 0.02 A. The 
space group is P212121 with 4 molecules in the cell. The crystal structure has been solved by a 
combination of a direct method and trial and error applied to two-dimensional data. The final 
refinement was obtained by an anisotropic least-squares analysis of approximately 850 observed 
three-dimensional structure factors. The three positional and six thermal parameters of all atoms 
except hydrogens have been determined. 

The pyranose ring is in the Sachse trans configuration and the ring oxygen bond angle is deter- 
mined as 113 °. The detailed stereochemistry is compared with that  of a-D-glucose and cellobiose. 

Introduct ion 

fl-D-glucose (C6H1206) consists of a pyranose ring 
with subst i tuents  which are all  equatorial :  

C 6 / 0 6  
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Cellulose is a polymer  of #-D-glucose in which 
glucose residues are l inked 1 to 4. The author  has 
undertaken a detailed examination of the crystal 
structure of E-D-glucose as a preliminary to a study 
of other more complex cellulose oligosaccharides. 
McDonald & Beevers (1950, 1952) determined the 
crystal structure of a-D-glucose and more recently 
Killean, Ferrier & Young (1962) determined the 
structure of a-D-glucose monohydrate. Both structures 
showed that the pyranose ring possessed the Sachse 
trans configuration. Sponsler & Dore (1931) studied 
the X-ray powder diagram of ~-D-glucose but made 
no deductions regarding the size of the cell. The author 
published a preliminary report on this structure 
(Ferrier, 1960) in which the Sachse trans configuration 
was confirmed. In the present publication it will be 
seen that the detailed structure has been obtained 
with reasonably high accuracy despite experimental 
difficulties both in obtaining and in preserving 
crystals. 

E x p e r i m e n t a l  

The fl-D-glucose was prepared b y  the  method  of 
Hudson  & Dale (1917). Crystals, which are reasonably  
sat isfactory for X- ray  work, were found to be much  
more difficult  to obta in  t h a n  crystals  of ei ther a-D- 
glucose or a-D-glucose monohydrate .  The crystals  
used were grown by  using acetone to precipi tate  

them from a solution of fl-D-glucose in  water,  the 
t empera ture  being ma in t a ined  jus t  above the freezing 
point.  The crystals  obta ined in  this  way  showed (101) 
and  (10T) as faces and  were found to absorb water  
from the a tmosphere  wi th  the  resu l tan t  format ion 
of a powder deposit  of a-D-glucose monohydra te  on 
the  surface. This process took place suff ic ient ly  slowly 
to permi t  normal  X-ray  photography,  a l though clearly 
this  continuous change mus t  affect the  X- ray  inten- 
sities. In  this  invest igat ion the crystals,  which were 
kept  d ry  under  vacuum when not  in use, were 
f requent ly  renewed and  the effect was ignored. 

The unit-cel l  dimensions were de termined as 

a- -  9-29 _+ 0.04, b = 12.65 _+ 0.02, 

c = 6-70 _ 0-02 A .  

The molecular weight of fl-D-glucose is 180. Assuming 
4 molecules in  the uni t  cell, the  densi ty  is calculated 
as 1-520 g.cm -3 (cf. observed dens i ty  of 1.535 g.cm-3). 
The space group was de termined as P21212,. 

The intensi t ies  of the X-ray  reflexions were measured 
visual ly  from equi- incl inat ion Weissenberg photo- 
graphs obta ined wi th  Cu K a  radiat ion.  No a t t empt  
to correct for absorpt ion was made,  as the  crystals  
used were all  smal l  and  of rcasonably  uniform dimen- 
sions. 

Determinat ion  of the s tructure  

The intensi t ies  of the X- ray  reflexions were placed 
approx imate ly  on the  absolute scale by  the  method  
of Wilson (1942). The space group P212121 is non- 
eent rosymmetr ic  bu t  each of the  three pr incipal  
zones is centrosymmetr ic .  The method  of Grant ,  
Howells & Rogers (1957) was appl ied to each of 
these zones. 

This method  is essent ia l ly  a sorting procedure for 
handl ing  the well es tabl ished relat ionship between 
three un i t a ry  s tructure factors U(h), U(h'), U(h+h'), 
ViZ. 
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S(h ' ) .S(h+h' )  ~ S(h) (1) 

where S means ' the  sign of'. 
I n  this  approach 'coincidences' are recorded using 

a va r i an t  of (1) 

S(A) .S (B) .S (C)  ~ + 1  (2) 

e.g. S (A) .S (B)  can give several S(C) and in this 
case the  signs of S(C) are said to coincide. I n  this  
way i t  is possible to  obta in  for each reflexion a set 
of relat ionships from which i t  may  be possible to 
derive a t en t a t ive  set of signs. These are t hen  used in 
an  i te ra t ive  process which is cont inued unt i l  there 
is no significant  change in the  signs given for each 
plane. 

Each  pr incipal  zone can be considered in the  
cent rosymmetr ic  plane group pgg and each zone is 
convenient ly  subdivided into 4 groups according to 
whether  the  Miller indices are even or odd. The groups 
are (even, even), (odd, odd), (even, odd) and  (odd, 
even). I n  pract ice i t  was found convenient  to follow 
Grant ,  Howells & Rogers (1957) and  mul t ip ly  the 
un i t a ry  factors by  20 in order to round  up each factor  
to a single integer. This made  computa t ion  of the  
weight  of the  products  very  much simpler. 

I n  pgg one sign can be chosen from two of the  
groups (odd, odd), (even, odd) and  (odd, even). 
This establishes the  origin. For  the  hkO zone 120 and 
210 were bo th  chosen as positive. The results for this 
zone are given in Table 1; this  shows the  signs given 
after  five i terat ions,  a t  which stage there were no 
fur ther  significant changes. Thi r ty-n ine  un i t a ry  factors 
greater  t h a n  0.10 were used and 33 signs were regarded 
as determined,  t ak ing  due account  of weights. I t  was 
subsequent ly  discovered t h a t  27 of the 33 signs were 
correct and  t h a t  the  6 incorrect  signs had  a re la t ively  
low un i t a ry  value. 

The hO1 zone gave 25 reflexions wi th  un i t a ry  factors 
greater  t h a n  0.10. Nineteen signs were regarded as 
de termined in five i terat ions.  I n  this  case 4 of the  
6 omi t ted  had  a clear ma jo r i ty  sign (Number + > Num- 
ber q or vice versa) in  opposit ion to the  sign given 
by  t ak ing  account  of the  weight. This made the 
analysis  in this  zone much less consistent t h a n  in the  
hkO zone, where this  t rouble  did not  arise. Seventeen 
of the  19 signs de termined were subsequent ly  found 
to be correct. Three of the  four ambiguous terms 

were ~ound to have  been predicted correctly on the  
basis of the  number  of terms favouring the  ma jo r i t y  
ra ther  t h a n  the  weights. 

The appl ica t ion  of the  method  to the  Okl zone was 
not  successful presumably  because there were many  
fewer reflexions of large un i t a ry  factor. The analysis  
was very  inconsis tent ;  21 planes of un i t a ry  factor  
greater  t h a n  0-10 were used; 14 signs were regarded 
as determined an4  i t  was subsequent ly  discovered 
t h a t  only 5 of these were correct. 

The hkO s t ructure  factors, the phases of which had  
been given by  the  direct  method  (see Table 1), were 

Table 1. hkO zone; 
signs obtained from the direct method 

Sign 
Plane 20U Number + Number -- chosen 

040 6 5 3 + 
0,12,0 6 5 3 + 
0,14,0 12 11 0 + 

200 6 7 9 -- 
400 5 9 6 + * 
600 4 5 6 omit 

2,14,0 8 6 8 - -  
4 2 0  3 9 3 + * 

4,14,0 4 8 4 +* 
660 7 5 5 - t  

6,12,0 6 1 3 - -  
6 , 1 4 , 0  5 6 3 + 

820 6 10 0 + 
860 8 10 0 + 

210 4 13 4 + 
270 3 4 4 omit 

2,15,0 3 5 5 omit 
490 4 5 3 + 

4,13,0 4 6 3 + 
8,11,0 5 4 2 + 

170 3 6 15 --* 
1,15,0 7 2 6 -- 

370 4 6 6 omit 
3,15,0 7 5 4 + 

570 4 7 9 -- 
710 4 4 7 -- 
770 4 3 6 -- * 

7,13,0 3 2 6 -- 
990 6 0 7 -- 

120 4 12 3 + 
1,10,0 3 8 1 + 
1,14,0 13 9 2 + 

380 4 6 8 - -  * 
3,12,0 4 5 4 omit 

760 3 6 3 + 
780 9 0 12 -- 

7,12,0 10 0 6 -- 
920 3 4 3 omit 
980 7 7 2 + 

• These signs were subsequently found to be incorrect. 
Chosen negative because of much superior negative 

weight. 

used to compute a Fourier  synthesis for the  (001) 
projection.  This is shown in Fig. l(a),  where i t  can 
be compared wi th  the  f inal  computa t ion  for the  
projection,  shown in Fig. 1 (b). A detai led examina t ion  
of this  project ion showed t h a t  if i t  was to be identif ied 

wi th  molecules of /~-D-glucose, there  could be only 
one possible in te rpre ta t ion  of the  posi t ion of the  
ring, containing 5 carbon atoms and 1 oxygen atom. 
This posi t ion is shown in Fig. l(a) with the  a tomic 
centres joined by full  lines. The shape of this  r ing 
allows a d is t inct ion to be made between the  Sachse 
trans and cis configurations, since these have different  
project ion geometry.  I t  was found impossible to obta in  
a reasonable f i t  wi th  the cis configuration,  whereas 
the  in te rpre ta t ion  shown in Fig. 1 (a) is a very  reason- 
able f i t  to the  trans configuration.  Al though the  
posi t ion of the ring was determined directly,  there  
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Fig. 1. (a) Ini t ia l  Four ie r  synthesis  on (001) project ion.  Contours  are d r awn  a t  a rb i t r a ry  intervals .  (b) F ina l  Four ie r  synthes is  

on (001) project ion.  Contours  are  d r awn  a t  in tervals  of 2 e./~ -2, the  dashed  ]ine corresponding to 2 e..~ -2. (c) Posi t ions of 
the  a toms  in the  (001) project ion.  Hydrogen  bonds  are  shown as dashed  lines. 

was stil l  doubt  as to which of the atoms wi th in  this  
ring is the oxygen. This is governed by  the at tach-  
ments  to the ring. In  Fig. l(a) a t t achments  regarded 
as certain are shown as dot ted lines, while possible 
a t t achments  are shown as wavy  lines. I t  was found 
tha t  four different  s tructures were possible, two for 
each of the two possible positions of 0(5), which has 
no 'certain '  a t tachment .  No a t t empt  was made  at  this  
stage to dis t inguish between these structures.  Ins tead  
the hO1 structure factors, the phases of which had been 

given from the  direct  method,  were used to compute 
a Fourier  synthesis  of the (010) projection. This gave 
a general  confirmation of the posit ion of the molecule 
as given by  the (001) project ion and  also gave a clue 
as to the posit ion of the molecule along c. However, 
there was no resolution and no dis t inct ion could be 
made  between the 4 possible structures.  

I t  was necessary, therefore, to resort to t r ia l  and  
error in the  (h/c0) zone. At tachments  were added one 
at  a t ime and  detai led structure-factor calculations 
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Fig. 2. (a) F ina l  Four ie r  synthesis  on (100) project ion.  Contours  are  d rawn at  intervals  of 2 e./k -2, the  dashed  line corresponding 

to 2 e.A-% (b) Posi t ions of the  a toms  in the  (100} projection.  H y d r o g e n  bonds  are sho~m as dashed lines. 

performed. In the initial stages the possible structures 
were reduced to two. Another Fourier synthesis was 
computed, only the phases which were confirmed 
by both structures being used. The result was ex- 
amined in detail and more structure-fact0r calcula- 
tions performed. In this way a single structure 
emerged. The final Fourier synthesis for the (001) 
projection was obtained after six refinements and is 
shown in Fig. l(b). The details are best understood by 
reference to Fig. l(c); this shows complete resolution 
and enables the x and y coordinates of all the atoms 
to be obtained with some accuracy. 

The bond lengths and angles obtained by McDonald 
& Beevers for a-D-glucose were used for the transfer 
from the (001) to (100) projection. An approximate 
position of the molecule along c was given from the 

(010) projection. After some initial trial and error, 
a reasonable measure of agreement for the structure 
factors of this zone was obtained. Three Fourier 
refinements were then performed on this zone giving 
the result shown in Fig. 2(a). It  shows partial resolu- 
tion. The z coordinates of C(5), C(6) and 0(6) remain 
undetermined although reasonable estimates can be 
made, particularly of the position of C(6). 

A (010) projection, using phases based on the co- 
ordinates already obtained, is shown in Fig. 3. The 
Fourier synthesis (not shown here) gives no resolution 
in detail. There is partial resolution of C(5) and C(6) 
which allows their z coordinates to be determined with 
higher accuracy than from the (100) projection. 

The outstanding parameter is the z coordinate of 
0(6), which was determined at this stage by trial 
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Fig. 3. Positions of the atoms in the (010) projection. Hydrogen bonds are shown as dashed lines. 

and  error,  us ing b o n d - l e n g t h  and  bond-ang le  con- 
s idera t ions .  I n  th is  way  a comple te  set  of coord ina tes  
was ob ta ined .  These  were  g iven  in  de ta i l  in  t he  Atom 
p r e l i m i n a r y  r epor t  on  t he  s t ruc ture .  T h e y  were  used  c(1) 
to  c o m p u t e  s t ruc tu re  factors  and  t h e  va lue  of c(2) 

C(3) 
R = (X]Fol-IFcl)/(XJFoI) c(4) 

c(5) 
was e v a l u a t e d  for all  t h r ee  pr inc ipa l  zones us ing an  C(6) 
i so t ropic  t e m p e r a t u r e  fac tor  of exp [ - 1 . 5  (sin 0/~t) ~] 
for all  a toms.  The  va lues  o b t a i n e d  were  O(1) 

0(2) 
R(Mc0)=0.21,  R(Olcl)--0.22, R(hO1)=0.26 0(3) 

0(4) 
for all  obse rved  ref lexions.  0(5) 

0(6) 

Table  2. Positional parameters for carbon and 
oxygen atoms and their estimated standard deviations 

x (A) ax (A) y (A) ay (A) z (A) Crz (A) 
0.189 0.009 2.039 0.006 3.075 0-007 

-0.743 0-009 0.902 0.006 2.603 0.007 
- 0.065 0.008 0.077 0.006 1-503 0.007 

0.444 0.007 0.972 0.006 0.388 0.007 
1.374 0.008 2.038 0.006 0.974 0.008 
1-952 0.007 3-016 0.008 -0.023 0.009 

-0.570 0.007 2.885 0.006 3.900 0.006 
- 1-038 0.007 0.074 0.005 3.746 0.007 
- 1-067 0.006 - 0.821 0.005 0.964 0.007 

1.205 0.007 0.212 0.006 - 0.579 0.007 
0-595 0.006 2.809 0.004 1-932 0-005 
0.920 0.007 3.717 0.005 - 0.725 0.006 

R e f i n e m e n t  of  t h e  s t r u c t u r e  

The  posi t ions  of all  t he  h y d r o g e n  a toms  a t t a c h e d  to  
carbons were  ca lcu la ted  f rom the  d e t e r m i n e d  c a r b o n -  
o x y g e n  pos i t ions  us ing  a C - H  b o n d  of 1.10 ~ .  The  
pos i t ions  of t he  h y d r o g e n s  a t t a c h e d  to  t he  oxygens  
were  ca lcu la ted  f rom a knowledge  of t he  h y d r o g e n -  
bond ing  sy s t em (discussed later)  by  a s suming  t he  
h y d r o g e n s  to  be loca ted  w i th in  t he  b o n d  and  us ing 
an  O - H  b o n d  l e n g t h  of 1 /~. The  h y d r o g e n  a t t a c h e d  
to 0(4)  has  no p a r t  in  t he  h y d r o g e n  bond ing  and  i ts  
pos i t ion  h a d  to  be e s t ima ted .  The  con t r ibu t ions  of 
t he  h y d r o g e n s  to  t he  s t ruc tu re  factors  were c o m p u t e d  
wi th  the  use of an  a rb i t r a r i ly  ass igned t e m p e r a t u r e  

Table  3. Calculated hydrogen coordinates 

Atom x y z 
H(C1) 1.00 /t~ 1.67 A 3.58 
H(C2) -- 1.69 1.34 2.21 
H(C3) 0.75 --0.49 1.92 
H(C4) --0.41 1.46 --0.11 
H(C5) 2.23 1.52 1.52 
H(C6) 2.60 3.61 0-61 
H'(C6) 2.59 2.40 -- 0-60 
H(01) --0.02 3.19 4.67 
1[(O2) --1.98 0-35 3.96 
H(03) --0.90 -- 1.79 1.13 
H(O4) 1-67 0-11 -- 1.46 
1[(06) 0.96 4.71 --0.60 
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T a b l e  4. Bq  values for carbon and oxygen atoms 

Atom B n B22 B33 B23 B31 B12 
C(1) 0"01663 0"00355 0"01695 0"00346 0"00148 0"00000 
C(2) 0"01575 0"00306 0"01707 0"00138 0"00630 -- 0"00021 
C(3) 0"01295 0-00143 0"02028 0"00139 0"00079 --0"00010 
C(4) 0"01097 0"00353 0"01841 -- 0"00099 0"00656 0"00165 
C(5) 0"01256 0-00355 0"02167 0"00299 0"00455 --0"00029 
C(6) 0"01120 0"00630 0"02471 0"00361 0"00754 -- 0"00370 

O(I) 0.01983 0.00699 0.02459 --0-00822 0"00543 0"00040 
0(2) 0"01824 0.00393 0-03137 0-00915 0-00601 0.00007 
0(3) 0"01368 0"00312 0"03465 0.00019 -- 0.00520 -- 0.00296 
0(4) 0"02000 0.00654 0"02785 --0.00847 0"01480 0"00062 
0(5) 0.01272 0"00331 0"01814 0"00079 0"00511 --0.00155 
0(6) 0"02159 0-00466 0"01737 -- 0.00004 -- 0"00497 -- 0.00341 

f a c t o r  of  e x p  [ - 3 - 0  (s in  0/2)2]. T h e s e  c o n t r i b u t i o n s  
w e r e  t h e n  a d d e d  t o  t h e  c a l c u l a t e d  s t r u c t u r e  f a c t o r s .  

A se r i e s  of  d i f f e r e n c e  F o u r i e r  s y n t h e s e s  w a s  t h e n  
c o m p u t e d  f o r  t h e  (001) a n d  (100) p r o j e c t i o n s .  T h e s e  
l e d  i n i t i a l l y  t o  a r e l a t i v e l y  f a s t  r e f i n e m e n t  of  t h e  
p o s i t i o n a l  p a r a m e t e r s  of  t h e  r e s o l v e d  a t o m s .  W h e n  
t h i s  r e f i n e m e n t  s l o w e d  d o w n ,  t h e  t h r e e - d i m e n s i o n a l  
d a t a  of  a p p r o x i m a t e l y  850 o b s e r v e d  s t r u c t u r e  f a c t o r s  
w e r e  u s e d  fo r  l e a s t - s q u a r e s  r e f i n e m e n t  o n  t h e  D E U C E  
c o m p u t e r  of  t h e  U n i v e r s i t y  of  G l a s g o w ,  u s i n g  t h e  
p r o g r a m  w r i t t e n  b y  R o l l e t t  (1960).  T h i s  p r o g r a m  
a l l o w s  t h e r m a l  a n i s o t r o p y  a n d  r e f i n e s  3 p o s i t i o n a l  a n d  
6 t h e r m a l  p a r a m e t e r s  fo r  e a c h  a t o m .  Atom 

F i v e  c y c l e s  of  r e f i n e m e n t  w e r e  p e r f o r m e d  o n  t h e  C(1) 
p a r a m e t e r s  of  t h e  c a r b o n  a n d  o x y g e n  a t o m s .  N o  
r e f i n e m e n t  w a s  d o n e  o n  h y d r o g e n  c o o r d i n a t e s  a t  a n y  
s t a g e ,  c(2) 1 0.23 

T a b l e  2 g i v e s  t h e  f i n a l  c o o r d i n a t e s  of  t h e  c a r b o n  2 0.15 
a n d  o x y g e n  a t o m s  t o g e t h e r  w i t h  t h e i r  s t a n d a r d  3 0.12 
d e v i a t i o n s ,  w h i c h  a r e  e s t i m a t e d  d i r e c t l y  f r o m  t h e  C(3) 1 0.20 
l e a s t  s q u a r e s  d e r i v e d  v a r i a n c e - c o v a r i a n c e  m a t r i x .  T h e  2 o. i s  

3 0.09 
h y d r o g e n  p a r a m e t e r s  u s e d  i n  t h e  f i n a l  c a l c u l a t i o n  a r e  
g i v e n  i n  T a b l e  3. c(4) 1 0.22 

2 0.16 
T h e  l e a s t - s q u a r e s  p r o g r a m  u s e s  t h e  e x p r e s s i o n  3 O.ll  

2--(Bllh2+2~22k2+.Ba312+.Bzakl+~3311h+.B12hk) C(5) 1 0"22 
2 0"18 

i n s t e a d  of  2 -Bsin20 fo r  e a c h  a t o m .  T a b l e  4 s h o w s  t h e  3 0-12 
f i n a l  B ~  v a l u e s  f o r  e a c h  a t o m .  c(6) 1 0.22 

W i t h  t h e s e  c o o r d i n a t e s  a n d  t h e r m a l  p a r a m e t e r s  a 2 0.23 
d e t a i l e d  c a l c u l a t i o n  of  t h e  s t r u c t u r e  f a c t o r s  w a s  3 o.09 

o(1) 1 0.24 
2 0-26 
3 0-11 T a b l e  5. Molecular dimensions with standard deviations 

C(1)-C(2) = 1-544-+0-011 ~&_ 
C(2)-0(8) = 1.538_+0.011 
c(3)-C(4) = 1-517_+ 0.010 
C(4)-e(5) = 1-531__+ 0"010 
C(5)-C(6) = 1.512+-0-011 
C(1)-O(1) = 1-404_0.010 
C(2)-0(2) = 1-442 +- 0.010 
C(3)-O(3) ---- 1"450___ 0.009 
C(4)-0(4) = 1.447___ 0.010 
C(5)-O(5) = 1.455_ 0.009 
C(1)-0(5) = 1.437 + O-OO9 
C(6)-O(6) = 1-432 + 0-010 

C(1)-C(2)-C(3) = 110.4_+0.5 ° 0(2) 1 0.22 
C(2)-C(3)-C(4) = 110'9+_0'5 2 0'27 
c (3) -c (4) -c (5)  = 109.5___ 0.5 3 0-07 
c(4)-C(5)-o(5)  = 107.2 +- 0.5 O(3) 1 0.20 
c (5) -0(5) -c (1)  = 113.1.-_0.5 2 0-25 
o (1 ) -c (1 ) -c (2 )  = 107.3.-,0.6 3 0.11 
c ( i ) -C(2) -0(2)  = 107.7 +- 0.5 
0(2)-C(2)-C(3) ---- 110.5 _ 0.5 0(4) I 0.22 
C(2)-C(3)-O(3) = 107-1 +- 0.6 2 0.30 
O(3)-C(3)-C(4) = 108.9 + 0.5 3 0.06 
C(3)-C(4)-O(4) = 110.9_+ 0.5 0(5) 1 0.22 
O(4)-C(4)-C(5) = 107.6--_0.5 2 0.16 
C(4)-C(5)-C(6) = 115.5__+0.6 3 0.12 
C(5)-C(6)-0(6) = 111.4+-0.5 
0(I)-C(I)-0(5)---- 107.3--,0.5 0(6) 1 0-16 
C(2)-C(I)-O(5) = 108.8___0.5 2 0-27 
C(6)-C(5)-O(5) = 107.3.-,0.5 3 0.14 

p e r f o r m e d .  T h i s  is s h o w n  i n  T a b l e  8. T h e  f i n a l  R 
v a l u e  is 0-11. 

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

(a) Dimensions of the molecule 

T h e  b o n d  l e n g t h s  a n d  b o n d  a n g l e s  of  f l -D-g lucose  
w e r e  c o m p u t e d  f r o m  t h e  c o o r d i n a t e s  g i v e n  i n  T a b l e  2. 

T a b l e  6. The principal axes, 
r.m.s, displacements and orientations 

r p(r) O(r, a) O(r, b) 
1 0.23 .~ 8 ° 87-5 ° 
2 0.19 99 53-5 
3 0-11 93 143.5 

27 
113.5 
102 

11.5 
102 

91"5 

39-5 
108-5 
123 

44-5 
129.5 
105 

103"5 
44 

130 

136"5 
48.5 

101.5 

88.5 
53 

149 

89 
79 

170 

82-5 
142-5 
5O 

79.5 
57-5 

144.5 

37 
103 
124 

126.5 
116-5 
48 

67 
66"5 

146 

111.5 
81 
32 

140.5 
106 
55 

98.5 
5O-5 

147 

131 
73-5 
37-5 

146.5 
57"5 
97-5 

42 
121 

62.5 

124.5 
45 

115 

32.5 
110.5 
112-5 

88.5 
159 

69 

O(r, c) 
83 ° 
38 
53-5 

63 
47 
62 

78-5 
16-5 
8O 

51 
58.5 
57.5 

47-5 
56 
58.5 

56 
49 
58 

69-5 
53 
44 

66.5 
42 
57 

56 
32 
74-5 

73.5 
49 
45-5 

59 
46.5 
67 

41 
77 
6O 
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T~ble 7. Mean values of F(r) The results, together with the standard deviations, 
~re given in T~ble 5. A t o m  i ~ e ~ n  ~u(r) A t o m  M e a n / t ( r )  

It is profitable to compare these results with two c(13 0.18 A O(1) 0.20 A 
relevant related structures. One is c¢-D-glucose deter- C(2) 0.17 0(2) 0.19 
mined by 1KcDon~ld & Beevers (1952) ~nd the other c(33 0.16 0(3) o.]9 
is cellobiose determined by J~cobson, Wunderlich & c(4) 0-16 0(4) 0.19 
Lipscomb (1961). Cellobiose h~s two /~-D-glucose C(53 0.17 0(5) 0.17 C(6) 0.18 0(6) 0.19 
residues linked 1 to 4. 

Table 8. Observed and calculated structure factors 

h k 1 F c F o c o s a  s i n a  h k 1 F c F ° c o s a  s i n a  h k 1 F c F ° c o s a  s i r ~  h k l F c F ° c o e a  a i n ~  

1 1 0 12.4 13.6 O.(XX)O -1.0000 1 2 7 9.8 9.2 -0.3835 -0,9236 2 10 5 7.5 6.9 +0.5005 -0.8657 0 2 0 5.2 6.3 +1. 0000 O. 0000 
1 2 0 58.1 59.6 0.0000 .+I.0000 I 3 7 8.9 8.0 -0.9923 -0.1236 2 12 5 3-3 3.6 .+0.5108 +0.8597 

0 4 0 93.5 91.5 .+1.0000 0,0000 1 3 0 17.7 19.6 0.0000 -1.0000 1 4 7 3.1 2.5 .0.9849 -0.1734 2 0 6 15.9 16.4 -1.0000 0.0000 
8 0 + 1 0 0 0 0  00000 ; ,' ° 0 ~:~ 91 00000 10000  1 ~ .; 4 9  4 8 .+0 9038 -04281 2 i 6 7 4  9 2  -06628 +0.7488 o 8 0 7.0 6.7 0.0000 .+I .0000 1 2.6 1.5 -0.288~ .+0.9574 2 2 6 12.0 10.4 *0.3534 *0.9355 

0 I0 0 8.3 8.9 +i.0000 0.0000 I 6 0 19.5 19.2 0.0000 +I.0000 I 7 7 5.1 2.9 -0.8707 -0.4917 2 3 6 12.2 13.9 0.0000 +i.0000 
,2  0 2 2 6  2 2 4  .+10000 0.0000 1 78 o 19.2 23.0 0.0000 +1.0000 1 8 7 3.7 3 .6  +o.2604 -0.9655 2 4 6 10.3 10.4 -0.8o64 -0.5913 

o' 14 0 29.6 30.7 .+1.0000 0.0000 1 0 1.6 1.2 0.0000 .+1.0000 1 90 ~ 2.5 2.0 .+0.4288 *0.9035 2 5 6 4.9 3.9 -0.4618 -0.8870 
0 16 2.2 2.4 .+1.0000 0.0000 1 9 0 0.8 1.4 0.0000 -1.0000 1 8 4.6 5.0 -1.0000 0,0000 2 6 6 9.8 8.3 +0.4163 *0.9092 
0 1 5'4 5.3 0.0000 . I .0000 1 10 0 12.1 13.2 0.0000 +1.0000 1 1 8 2.9 2.5 -0.8683 -0.4962 2 7 6 2.4 3.1 *0.6055 *0.7959 
0 2 29.6 32.6 -1.0000 O.OCO0 1 11 0 3.8 4.1 0.0000 -1.00O0 1 2 8 4.6 5.6 .++0.7339 -0,6793 2 8 6 5.1 4.6 -0.5589 -0.U293 
0 3 15. 3 17.8 0.0000 -I.0000 I 12 0 6.7 7.7 0.0000 -I .0000 I 4 8 2.8 2.0 -C.8461 +045330 2 11 6 9.3 7.2 +0.7691 +0.6391 
0 43.7 42,3 +1.0000 0.0000 1 13 0 1.5 1.4 0.0000 +1.0000 ~ ~ 8 2.9 2 . 9 - 0 , 8 4 0 2  .+0.5423 2 0 7 3.4 3.3 0.0000-1.OOCO 
0 5 3.6 3.7 0.0000 -I .0000 I 14 0 26.9 28.7 0.0000 +I .0000 1 21.0 23.0 -0.6575 +0.7535 2 1 7 6.4 6.~ -0.9744 +0.224~ 
0 6 3.2 3.7 -I.0000 0.0000 I 15 0 13.6 14.7 0.0000 -I .0000 2 0 0 91.0 83.4 +I.0000 0.0000 2 2 7 /1.3 i0. 5 -0.2198 -0.9755 
0 7 2.5 3.5 0.0000 +I.0000 I 0 51.0 52.2 0.0000 .+1.0000 2 i 0 67.6 61.2 -I.0000 0.0000 2 3 7 8.7 8.2 -0.7916 -0.6110 
0 8 13.8 t5.5 .+1.0000 0.0000 1 1 20.0 19.8 -0.0512 -1.0000 2 2 0 7.5 8.6 +1.0000 0.0000 2 4 7 4.9 2 . 8  ++0.5711 -0.8209 
0 11 12.7 12.9 0.0000 ,1.0000 1 2 33.2 28.0 -0.7673 +0.6413 2 3 0 2.8 2.7 -1.0000 0.0000 2 5 7 3-5 2.5 ..0.9624 -0.2716 
0 12 4.4 3.9 *1.0000 0.0000 1 3 33.0 30.7 +1.0000 -0.0416 2 4 0 18,0 22.1 +1,0000 0.0000 2 7 7 3.6 3.1 -0.9708 "-0.2399 
0 13 4.9 5.1 0.0000 +1.0000 I 4 27.5 24.0 -0.9261 -0.3773 2 5 0 7.8 9.8 -I.0000 0.0000 2 8 7 1.7 2.0 -0.7924 -0.6098 
0 1 4  6.2 6 . 6 - 1 . 0 0 0 0  0.0000 1 65 35.8 30 .7 -1 .0000  0.0000 2 6 0 2,4 3 . 3 - 1 . 0 0 0 0  0.0000 2 0 8 / .7  4 . 9 - l . O 0 0 0  C,O000 
0 16 2.6 1 . 6 - 1 . 0 0 0 0  0.0000 I 17.6 18.7 -0.8159 -0.5782 7 0 18.0 20,1 -1.0000 0.0000 2 1 8 4.0 4.1 -0.7642 -0.6450 
0 0 2 44.6 50.8 +1.00,00 0.0000 1 7 4,2 2.3 .+0.9993 +0.2826 2 8 0 3.5 3.6 -1.0000 0.0000 2 2 8 4.4 4.5 +0.8911 -0.453~ 
0 1 28.4 32.6 0.0000 +1.0000 1 8 i 11.6 12.0 -0.5202 -0.8540 2 9 0 3.8 5.5 +1.0000 0.0000 2 3 8 4.5 5.5 +0.9725 +0,2327 
0 2 2 1.4 0.5 -1.0000 0.0000 1 9 14.6 16.0 -0.9962 -0.0871 2 10 0 8.4 10.2 +1,0060 0.0000 2 5 8 4.8 3.6 +0.117~ -0.9930 
0 3 18.9 19.6 0.00(30 -1.0000 1 10 1 6,1 6.4 -0.1194 -0.9928 2 11 0 2.2 2.6 +1.0000 0.0000 3 1 0 28.5 28.7 0.0000 -1.0000 
0 4 2 7.1 9.0 +1.0000 0.0000 I 11 10.4 10.2 +0.4461 +0.8950 2 12 0 8.8 8.6 +1.0000 0.0000 3 2 0 18.6 19.2 0.00O0 *1.0000 
0 5 15.7 16.9 0.0000 +1 .~000 1 12 1 11.6 10.5 +0.3939 +0.9192 2 13 0 5.1 6.5 +1.0000 0.0000 3 3 0 4.9 5.0 0.0000 -1.0uO0 

00 76 05  20  +0000  0000o 1 1 3  4 4  3 9  0 9 2 0 5  +o..07 ~ 1 4  0 , 7 0  186 .+10000 000oo 3 4 0 2 5  ~4 0 0 0 0 0 . o ~  
2 14.9 16.7 0.0000 -1.0000 1 14 1 14.4 12.6 -0.6256 .0.7802 15 0 5.7 5.8 -1.0000 0.0000 3 ~ 0 9,2 9.3 0.0000 -1.0000 

0 8 2 5.9 7.1 +1.0000 0.000~ 1 16 2.8 2.7 -0.2264 *0.9740 2 16 0 0.4 0.6 ÷1.0000 0,0000 3 0 11.0 14.1 0.0000 +~..0000 
0 90 2 2.5 1.6 0.0000 +1.0000 1 0 2 47.8 49.4 +1.0000 0.0000 2 0 I 92.5 86.1 0.0000 .1.0o00 ~ ~ 0 )-9.1 23.7 0.o0oo -,1,o0o0 
0 1 2 3-7 1,6 -1.0o0O 0.0000 1 1 19.4 18.4 *0.9747 -0.2235 2 1 1 48.7 44.9 +0.2825 -0.9593 0 16.2 18.7 0.0000 -1.0000 
0 11 2 1.0 1.6 0,0000 +1.0000 1 2 2 23.6 23.4 +0.4227 +0.9063 2 2 1 14.6 16.0 -0.7433 .++0.6690 3 9 0 6.3 6.5 0.0000 -1,0000 
0 1 2 2 1 0 . 8  10,9 +1,0000 0.0000 1 3 16.8 16.4 +09886 +0.1502 2 3 1 5 4 . 2  50.7 +0.8129 *0,5~24 3 10 0 7.1 8.0 0 .0000-1.0000 
0 13 2 6.3 5.6 0,0000 +1.0000 1 4 42.9 44.1 +0.9205 +0"~906 2 4 1 48.1 46.2 *0.0399 ..,..,.0,9992 3 12 0 10.1 8.6 0.0000 -1.0000 
0 14 2 2.0 1,6 -1,0000 0.0000 1 5 2 17.3 16.9 +0,7199 -0.6941 2 5 1 34.6 36,4-0.9823 -0.1872 3 13 0 4.6 4.4 0.0000 -1,0000 

0 1 3 11.6 13,8 0,0000 .1.0000 1 2 11.1 11.0 +C,9857 -0.1684 16.7 18,0 *0.3585 +0.9335 12.0 12.4 0.0000 -1.0000 
0 2 13.8 14,1 -1,0000 0.0000 1 8 2 9.7 8,8 +0.4765 ',0.8792 2 9 20. 5 22.0 -0.8144 ','0.5507 3 19-9 19.4 O.O00C +1,0000 
0 3 3 6.6 6,9 0,0000 .+1.0000 1 9 2 11,7" 11.8 -0.8531 -0.5217 2 10 1 14,6 14.8 -0.2103 .+0,9776 ~ 1 1 25.8 24.7 -0.3991 -0,9333 
0 4 3 2.4 0,7 .+1,0000 0.0000 1 10 2 14.8 ~3,5 +0,6197 -0.7849 2 11 1 10.3 10.7 +0.4742 +0.8804 3 2 1 24,9 22.8 -0.5713 +0.8207 
0 5 3 39.2 37,3 0,0000 +1.0000 1 12 2 6.9 6,3 -0,8972 -0.44i7 2 12 1 8.9 9.7 +0.1217 +0.9926 $ 3 1 19.3 19.9 +0.8379 *0.5458 
0 6 3 18.2 19,1 +1,0000 0.0000 1 13 2 9.5 8,7 -0,9994 -0.0344 2 13 1 4.3 6.4 -0.6s68 -0.7792 3 4 1 49.3 48,0 -0.8282 *0.5605 
0 7 3 18.8 20.1 0.0000 -1.0000 t 14 2 , 5.6 5,3 +0,8616 +0.5076 2 14 1 8.2 7.2 -0.4610 +0.8874 3 5 1 ~6.1 17.0 -0.6508 -0.7592 
0 8 3 1.1 0,9 ,1.0000 0.0000 1 0 3 43.4 55.~ 0.0000 -I .0000 2 15 1 6.7 7.9 *0.9970 -0.0776 3 6 I 16.0 16.3 -0.5361 +0.8442 
0 90 3 7.2 7.7 0.0000 -I.0000 1 I 3 17,6 21.0 -0,9378 +0,3472 2 0 2 6.1 9.7 -I.0000 0.0000 ) 7 i 7.0 8.5 -0.3946 +0.91~y 
0 I ?9.5 27.8 +I.0000 0.0000 I 2 33 20.6 22.4 +0,7313 +0,6826 22 I 2 12,7 13,9 +0.7776 +0,628~ 3 8 1 13.8 13.0 -0.1882 ....0.9821 
0 11 3 6.9 5,9 0.0000 -I.0000 I 3 10.6 9 .6 -C,8563 -C.5166 2 2 39.6 37.8 +0.1536 -0.9881 3 9 1 8.9 9.9 +0.9930 -0.11~3 
0 13 3 9.6 9.8 0.0000 - I .0000 1 4 3 60.7 52,7 .++0.2011 -0.9795 2 3 2 12.5 12.7 -0.8608 +0.5090 3 10 1 16.1 15.9 ,+0.4899 *0.~718 
0 14 3 8.4 7.8 +1.0000 0.0000 1 5 3 3.5 5.~ -0.6163 +0.7875 2 4 2 34.9 36.6 -0.972A -0.2348 3 1A 1 9.7 9.5 .+0.7455 .+0.6665 
0 0 4 21.~ 25.4 -I.0000 0.0000 I 6 3 18.7 18.1 -0.2569 -0.~664 2 5 2 10.9 10.7 +0.5874 +0.8093 3 12 I 4.4 5.3 +0.8238 .+0.5669 
0 I 4 2.2 2.8 0.0000 -I.0000 I 7 3 23.6 21,9 -0.9958 *0.C'921 2 6 2 2.9 1.7 +0.8570 -0.5153 3 13 I 5.6 5.6 -0.8256 +0.5643 
0 2 4 7.1 8.2 -1.0000 0.0000 1 8 3 30,4 26,9 +0,4010 -0.9196 2 7 2 8 2  8.9 -0,3,26 -0.9499 3 14 1 7.6 6-9 -0.5952 .,-0.8036 
0 3 4 3.7 5.5 0.0000 -I .0000 1 9 3 11.8 11,3 +0.9807 -0.1957 2 8 2 16.6 16.8 -0.8723 *0.48~9 1 15 1 9,5 9.7 .+0.9523 -0"3052 
0 4 4 8.2 8.9 +1.0000 0.0000 1 10 3 24.1 18,8 -0.4803 -0.8771 2 09 2 11.0. 10.3 -0.0755 .+0.9971 "~ 0 2 ~7.2 60.6 .+1.0000 0.0000 
0 5 4 8.8 10.2 0.0000 +I.OOCO 1 t l  3 10.8 8,8 -0,6638 *0.7480 2 1 2 27.9 24.5 -0.2205 +0.9754 3 1 2 5.3 5.3 .-0.9772 -0.2124 
0 6 4 5.1 6.1 .1.0030 0.0000 I 12 3 7.9 6.8 -0.1432 +0.9897 2 ii 2 I.? 3.3 +0.0969 +0.9954 3 2 2 17.0 17.3 -0.7686 +0.6397 
0 7 4 208  191 0.0000.-1.0000 1 13 3 4.4 3.5 -0,8376 -0.5462 2 12 2 12.2 11.0 +0.1957 +0.9d07 3 3 2 B,4 7,2 -0.6866 +0.7271 
0 8 4 22.9 21 5 +1.0000 0.0000 1 14 3 4.7 3,9 -0,2541 -0.9672 2 13 2 4.3 3.9 -0.9943 +0.1069 3 4 2 39.2 38.8 .0.9912 -0.1324 
0 9 4 19.3 18.7 0.00(30 +1.0000 1 15 3 1.3 1,6 +0,1339 +0.9911 2 14 2 9.4 8.7 -0.2410 +0.9705 3 5 2 37,1 33.6 -C.7434 -0.6689 
0 1 1 4  6 6  7.1 0 .0000-1.0000"  1 0 4  15.6 18,3 +1,0000 0.0000 2 150 2 4.1 4.6 +0.3036 *0.9528 
0 12 5-7 7.1 +1 .(3000 0,00(30 1 11.7 15,4 -0,8313 +0.5559 11.8 14.2 0.0000 .1.0000 3 6 2 12.3 13.6 ',0-5596 -0.~288 
013 44 2.3 2,0 0.0(300 .... OGO I ~ 4 8.2 11,9 +0,5724 +0.8200 2 1 3 2.3 2.3 +0.6461 -0.7631 3 7 2 11.1 11.1 +0.2807 *0.959~ 3 8 2 8.8 8.1 +0.9564 *C,2920 
0 14 4 4.4 4.5 -I .0000 "0.0000 I 3 4 8.2 9,9 +0.7199 -0.6941 2 2 3 17.1 19.6 -0.7532 +0.6578 3 9 2 19.~ 18.3 +0.I~68 -0.9824 
0 I 5 6,8 6.4 0.0000 -I,0000 I 4 4 15.6 15,8 .+0,7623 -0.6472 2 3 3 19.9 17.0 +0.8654 +0.5011 3 I0 2 16.0 14.4 +0.5509 -0.8348 
0 2 5 7.0 7.9 -1 ,O000 0.0000 I 5 4 20.5 18,6 -0,9998 0,0000 2 4 3 20.8 19.6 -0.4505 +0.8928 5 11 2 10.4 9.1 -0.5613 +0.8276 
0 3 5 7.5 ~.6 0.0(~0 +1.0000 I 6 4' 17.0 15,4 "+0,9157 +0.4019 2 5 3 15.~ 15.6 -0,9733 +0.2294 3 12 2 8.1 7.4 -0.8956 -0.4449 
0 4 5 10.0 t0.8 -1.0000 O.OCO0 1 7 4 24.4 20,1 +0,5405 -0.841~ 2 6 3 16.0 13.~ +0,3665 -0.9304 3 13 2 6.5 6.4 +0.6310 -0.775~ 
0 5 5 7.3 6.6 0.(3000 +1.0000 I 8 4 12.0 10,9 .+0,7975 -0.6033 2 7 3 3.2 3,0 -0.9496 -0.3135 3 14 2 5,4 5.5 +0.9699 -0.2437 
0 7 5 7.7 7.8 0.0000-1.0000 I 9 4 5.7 4,1 +0,7043 +0.70~9 2 8 3 7.5 7.6-0.6669 .0.7451 'i" 2 2.9 4.1-0.1488 +0.9~89 
0 B 5 1.9 2.4 .+I .0000 0.0000 I 10 4 4,9 .2,9 +0.9034 +0.4289 9 3 II.I 10,4 -0.69~9 -C.7152 ~ ~ ~ 10.4 12.7 0.0000 +1.0000 
0 9 5 3.3 2.8 O. OOCO +1.0000 1 11 4 5.9 5,4 +C.2419 -0.970~ 2 1C 3 15.6 12.6 +0.9996 +0.0282 1 11,2 12.2 +0.9043 .0.42?0 
0 10 5 7.3 7.8 ....I .O00C 0.0000 I 12 4 3.6 2*5 +0,9360 -0.352U 2 Ii 3 3.4 4.4 -0.99~0 +0.0637 3 2 3 14.9 17.9 *C.67, ~I +0,7)40 
0 11 5 8.9 8.2 0.0000 -I .OObO I 13 4 6.3 5,6 *0.9060 +0.4233 2 12 3 2.1 3.1 +0.4188 +0.90~0 3 3 3 8.1 8.7 +0.1174 -0.9931 
0 12 5 4.2 4.5 +I .0000 0.0000 I 14 4 2.0 1,7 -0,3178 -0.9.;81 2 13 3 6.1 5.3 -0.2847 -0.95~6 3 4 3 15.2 16.1 +0.9947 -0.1025 
0 13 5 3.9 3.7 0.0000 +1.00049 1 0 5 3.2 3.0 0,0000 -1.0000 2 14 3 5, 8 5.~ +0.5379 *0.~430 3 5 3 5.6 6.2 -0.9"38 +0.3304 
C 0 6 17.1 21.0 - t  .0O00 0.0000 1 t 5 4.0 4.7 +0,9981 -0.0613 2 15 3 ~,2 1.8 -0.2648 *C.9643 3 6 3 5.8 6.9 -0.4129 +0.9,08 
0 I 6 5.0 5.3 u.OOOU +1.0000 I 2" 5 7.0 8,4 +0,5853 -0.8123 2 0 4 C.9 2.~ -0,9997 0.0000 3 7 3 6.1 6.2 -0.7941 +0.6078 
0 2 6 7.5 8.6 -1.0000 0.0000 1 3 5 5.0 6.4 -0.~518 +0.9884 2 1 4 5.3 5.8 +0.9~82 .0.3178 ~ 8 % 9.~ 9.7 .0.9517 -0.~070 
0 3 6 23.6 26.5 0.00~0 .I.00,0 I 4 5 9.9 10.9 .+0,8111 -0.5849 2 2 4 8.1 9.1 +0.9596 .0,2812 ~ 9 ~ 8.2 7.1 -0.7949 -0.6067 
0 4 6 13.7 14.9 -1.00£0 0.0000 1 .'5 .5 .5.0 5.0 +0.7818 -C.62~5 2 3 4 8.4 8.4 *0 ~56) -0.5128 3 10 3 8.6 7.~ -0.9983 +0.0576 
0 5 6 9.3 10.9 0.0000 -1.00uO I 6 5 3.5 2,9 +0,8638 +C.5037 2 4 4 5.5 6.2 -0,509) +0.8221 3 11 3 9.2 7.3 -0.1310 +C.9914 
0 6 6 3,3 2.1 -1.0000 0.0000 I 7 5 6.1 5.4 -0.7378 *0.6750 2 5 4 5.0 6.4 -0.7642 +0.6449 % 12 % 4.5 3.9 -0.9745 +0.2243 
C 7 6 7-3 7.1 o.C~,,O .I .00~0 I 8 5 5 .I 4.5 +0.7888 -0.6147 2 6 4 15.1 13.8 *0.9974 +0.0716 ~ 13 3 5-7 5,3 *0.2386 -0.9711 
0 8 6 4.0 2.6 -1,0000 0.0000 1 9 5 4.7 4.8 +U.9409 +0.3387 2 7 4 21.1 /9.0 +0,6042 -0.796~ 3 0 4 7.0 8.8 +I.0000 0.0000 
0 9 6 2.7 1.8 0.0000 +I.0000 1 10 5 2.8 2.5 .+0,2503 +0.9682 2 8 4 14.5 12.5 +0.2302 +0.9731 3 1 4 13.1 14.9 -0.5044 +0.8635 
0 I0 6 10.7 11.4 -I.00,-0 0.0000 1 1t 5 5.0 5,0 +0,61.:6 -0.78~9 2 9 4 8.1 7.6 -0.1669 +0.9860 3 2 4 4.5 6,7 -0.0485 +0.9988 
0 11 6 10.4 9.8 0.0000 +1.0000 1 13 5 1.5 1.b +C.9456 +0.325) 2 10 4 4.4 4.4 +0.7842 *0.6205 3 3 4 11.9 11.4 +0 .4 (~  -0.9140 
0 I 7 11.9 13.7 O.OOCO .+I.O000 1 0 6 4.5 3.6 +1.0000 0.0000 2 Ii 4 6.3 5.9 +0.2828 --0.9592 3 4 4 13.5 13,8 +0.9570 -0.2902 
0 2 7 0.7 1.6 -I .00~0 C.CCO0 1 I 6 2.9 3.5 *0.8895 -0,456U 2 12 4 5.0 4.6 +0.7257 ..,.0.6880 3 5 4 7.4 8.1 -0.9641 *0.2656 
0 3 ,7'6'9 ,7.6 O.OOCO-,.OOCO I ; ~26 4-5 4.4 +0.0466-0.9989 2 ~ 4 2.1 3.1-0.5057 *0.~627 36 4 18.0 17.6 *0.9772-0.2121 
0 2.7 1.4 +I .0000 0.0000 1 14.4 15.2 -0.8375 -0.5465 2 4 5.0 4.~ +0.235~ *0,97i~ 3 7 4 23.4 19.9 +0.1595 -0.9872 
U 78 77 3.6 3.2 O.:YO00 . . . .  000 1 ~ 6 1 0 . 5  10,2 +0.2219 -0.9751 2 0 ~ 32.4 34.4 . . . . . . .  00O0 
0 6.4 7.0 -{.0000 0.0000 I 13.2 10.9 -0.9254 +0.3791 2 1 15.6 15.4 -0-849 c -0.5283 3 8 4 16.7 14.0 *0.7059 +0.7083 • 3 10 4 4.4 3.6 *0.9994 -0.0352 
0 09 78 6.4 5.8 0.0000 +1.0000 I 6 ~ 7.6 7.2 ..,.0.5256-C.8,23 2 43 ; 13.4 15.4 -0.7056 +0.7086 3 11 4 3.4 3.9-0.2582-0.9661 
0 u.4 2.6 .1.0000 C.OOO0 I 5,3 3.4 +0.9733 .+0.2297 2 13.2 ~2.8 +0.07~2 -0.9972 3 12 4 5.1 4.1 +0.3600 *0.9329 
0 1 8 2.9 2.6 0.0000 +I .OOL'O I 9 6 7.1 5.8 .+0.9406 +C.3395 2 5 5 3.3 3.3 +0.9785 -0.2061 3 13 4 3.0 4.1 .0.2129 +0.9771 
0 2 ~ 2.7 3.2 -1.0000 0.0000 1 10 6 2.6 1.6 -0,3978 "(;.9174 2 7 5 9.5 8.3 +C.9622 +0.2723 3 0 5 28.0 28,7 0.(3000 +1,0000 
0 3 3.0 2.6 0,000~ +1.00O0 1 7.5 7.9 0.0000 +1.0000 2 8 5 3.~ 3.3 -0.~6~0 +C.4965 
0 5 8 ".5 z.~ 0.0<300 - I  .0000 1 1 7 "~.5 4.4 " -0.1649 -0.9863 

A C 16 - -  67 
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Table 8 (cont.) 

h k i F c F ° cosa sin~ h k I F c F ° cosa sin~ h k ! F c F ° cosa sina h k I F c F ° cosa sina 

3 I 5 10.2 10.8 +0.6461 -0.7633 4 7 4 8.2 8.6 -0.3090 -0.9511 5 4 7 6.3 7.8 +0.3539 -0.9553 8 0 0 5.5 3.3 ,,I.0000 0.0000 
3 2 5 13.0 14.9 .*.0.6971 .*o.7170 4 8 4 7.8 7.3 -0.5035 .*0.8640 6 0 0 23.6 23.7 -1.00(30 0.0000 8 2 C 21. 5 20.9 ,,I.0000 0.0000 
33 43 ~ ii.I 12.8 +0.8690 -*C.4947 44 90 4 8.5 7.6 ,,0.2562 -0.9666 6 i 0 0.8 2.1-'0.9996 "0.0000 8 3 o12.5 8.9-I.0000 0.0000 

6.7 5.5 .*0.9329 40.3601 i 2.2 3.5 -0.5294 .*0.8483 2 0 25.3 10. i ,I.0000 0.0000 8 5 0 8.8 7.1 ..1.0000 0.0009 
3 5 5 4.9 5.0 .*0.3799 -0.9250 4 ll 4 4.3 4.3 +0.7916 -0.6109 6 3 0 9.9 9.6 +i.0000 0.0000 8 6 0 21.3 23.0 41.0000 0.0000 
3 6 5 13.7 12.6 +0.6653 ".'0.7466 4 12 4 5.8 4.9 +0.9388 *0.3445 6 4 0 12.4 11.7 -I.O00C 0.0000 8 7 0 8.0 7.5 -1.0000 0.0000 
3 7 5 7.9 7.2 *0.9236 *0.3833 4 13 4 3.1 2.1 +0.5320 -0.846T 6 5 0 2.7 2.4 +I.0000 0.0000 8 8 0 3.5 3.6 ,,I.0000 0.0000 
3 8 5 4.0 4.4 -0.9914 ,,0.1308 4 0 5 28.0 31.6 0.0000 -I.0000 6 6 0 23.6 26.7 .*i.0000 0.0000 8 10 0 3.9 3.6 ,I.0000 0.0000 
33 09 ~ 2,2 3.0 ,,0.8170 +0.5765 4 i ~ 15.2 14.3 -0.8409 +0.5412 ~ 87 0 11.5 10.5 .*i.0000 0.0000 8811 0 6.7 9.5 *.I.0000 0.0000 

i 4.8 4.4 .*0.9920 -0.1263 2 15.1 16.6 -0.4951 *0.8688 0 8.1 9.6 ,,I.0000 0.0000 12 0 4.4 3.1 +I .0000 0.0000 
311 ~ 3.4 3.2 ,,0.9910-0.1342 ~ 43 ~ 7.7 7.6 +0.4086-0.9127 ~ I00 4.6 4.7-i.00 ..... 8 0 1  7.8 5.7 0.0000-,.0000 

12 13.3 12.2 -0.5377 .*0.8431 15.4 15.5 +0.5407 -0.8412 Ii O 4.2 2.7 *I.0000 0.0000 2 1 9.0 7.8 +0.5611 *0.8277 
33 0 6 5.8 7.0 +i.0000 0.0000 4 65 ~ 4.2 3.7-0.539740.8419 :12 0 8.3 12.2 .*l. O00O O.OCO0 8 43 I 7.8 9.4 .*0.4893-0.8721 

i 3.6 5.7 +0.9703 -0.241~ 4 9.2 9.2 -0.0330 `,0.9995 13 0 4.0 4.0 -I.0000 0.0000 I 11.1 10.1 `,0.6365 -0.7713 
3 2 6 3.9 4.4 -0.4747 -0.~801 7 5 4.7 4.3 +0.9860 ,,0.1664 6 14 0 7.6 8.2 -I.0000 0.0000 8 5 I 7.1 7.8 .*0.9938 .0.1111 
3 43 66 6.0 6 .5 -0 .4928  -0.t~701 4 8 ~ 6.0 5 . 9 - 0 . 9 9 9 8 - 0 . 0 2 1 3  6 0 1 1.4 2.3 0.0000-I .O000 88 6 1  6.7 6.9 +0.9392 -0.3434 

7.0 7.1 40.5749 ,,0,8~82 4 3.9 3.3 +0.3708 .*0.9287 i i 9.4 8.5 -0.9640 *0.2658 I 7.6 7.5 -0.6148 -0.7887 
3 5 6 5.5 6.4 -0.1173 ,,0.9931 4 Ii 5 5.9 6.4 O.OCO *i.0000 6 2 i 10.7 i0. i -0.0536 -0-9965 8 9 I 9.0 10.0 `,0.973¢ 40.2306 
3 6 6 2.8 3.0 ,,0.~927 -0.1203 4 12 5 2.4 2.1 -0.9166 -0.3999 6 3 i 6.0 5,1 -0.4426 `,0.8967 8 I 2 5.7 4.4 .*0.3075 *0.9516 
3 7 6 2.3 2.~ 40.7951 -0.~C~7 4 0 6 2.8 3.4 +1.(9000 0.0000 6 4 i 4.3 5.5 -0.6543 -0.7563 8 2 2 3.6 z.O -0.77~8 +0.6298 
3 8 6 6.9 6.4 .*0.8567 ,,C.5158 4 i 6 3.6 4-9 *0.6(87 40.7435 .6 5 i 9.6 11.6 +0.2489 .*0.96~5 8 3 2 8.9 5.6 -0.9993 +0.0370 
3 9 6 3.0 2.8 -0.1373 .*0.9905 4 2 6 3-7 4.1 -0.2253 `,0.9743 6 6 i 33.3 32.1 .*.0.1817 -0.9833 8 4 2 2.0 2.5 +0.4728 +0.8811 
3 0 7 1.9 2.8 0.0000 ,,!.0000 4 4 6 8.1 8.6 +0.~545 -0.5194 6 7 I 12.3 14.4 ,0.992! -0.1258 8 5 2 2.2 1.6 -.0.9916 -0.1290 
3 i 7 8.9 8.5 -0.6070 -0.7947 4 5 6 2.3 3.5 -0.8704 '*0.4923 6 8 i 14.3 14.8 -0.8276 -0.5613 8 6 2 6.6 6,~ +0.7905 +0.6124 
3 2 7 3.1 2.8 -0.5684 -0.~228 4 6 6 5.8 5.7 ..0.1772 +0.9842 6 i0 I I0.0 i0.i +0.2664 -0.9639 8 7 2 6.2 3.8 -0.7932 -0.6089 
3 3 7 3.0 3.9 -0.4697 -0.~8,>9 4 7 6 4.7 4.0 0.0000 -I.0000 6 ii I 7.0 7.0 +0.8560 -0.5169 8 8 2 3.8 4.2 *0.1065 -0.9943 
3 4 7 3.4 3.0 +0.4650 -0.~853 4 8 6 5.4 4.6 .*0.6947 -0.7193 6 0 2 6.2 3.9 -i.0000 0.0000 8 9 2 3.9 1.9 .*0.7936 -0.6085 
3 5 7 3.7 2.4 0.0000 -0.9999 4 9 6 1.5 2.9 -0.7627 `,0.6468 6 i 2 4.4 2.3 -0.8942 -0.4477 8 0 3 9.1 5.3 o.ooo0 -1.oo(3o 
3 7 7 2.8 3.2 -0.6530 -0.7573 4 I0 6 3.7 2.7 +0.8698 40.4933 6 2 2 12.9 11.3 -0.6513 `,0.7588 8 i 3 8.3 9.2 -0.5019 -0.8649 
3 0 8 5.9 6.3 -I.0000 0.0000 4 0 7 4.9 6.3 0.0000 -i.0000 6 3 2 6.5 6.8 -0.9967 +0.0807 8 2 3 8.4 5.3 +0.2195 -'0.9756 
3 i 8 4.9 5.3 +0.6345 -0.7729 4 I 7 4.6 5.0 -0.9985 +0.0543 6 4 2 14.7 12.7 -0.5258 -0.8506 8 i 4 7.0 6.7 +0.2609 -0.9654 
3 2 8 7.0 6.4 .*0.9247 -0.3807 4 2 7 5.1 ~.3 -0.9888 +0.1492 6 5 2 5.3 4.2 -0.2617 -0.9651 8 2 4 4.5 4.0 .*0.9068 +0.4216 
3 3 8 2.4 2.8 -0.1869 +0.9824 4 3 7 2.3 2.9 -0.9819 40.1890 6 6 2 6.8 5.4 -0.5708 +0.8211 8 4 4 7.2 7.3 -0.1276 -0.9918 
3 4 8 6.3 4.4 -0.9922 -,0.1243 4 4 7 3.8 3.3 +0.9800 40.1988 6 7 2 2.8 3.5 -0.1677 +0.9858 8 2 6 3.1 3.0 -0.9276 -0.3737 
4 0 0 45.7 45.4 -i.0000 0.0000 4 5 7 6.1 5.4 `,0.7359 40.6771 6 8 2 7.9 6.8 -0.7883 -0.6153 8 4 6 5.3 3.0 -0.6375 -0.7704 
4 1 0  3.7 7.3-i.00000.0000 4 6 7  3.2 3.0-0.2439 +0.9698 6 9 2  5.0 5.4 +0.0686 -0.9976 9 1 0  9.1 8.3 0.000041.0000 

2 0 30.2 20.6 -i.0000 0.0000 4 7 2.6 2.7 ..0.1776 -0.9541 I 2 6.0 5.0 -0.9749 -0.2226 9 2 0 10.3 ~.6 0.0000 -i.0000 
4 3 0 6.2 4.1 -I.0000 0.0000 4 I 8 7.8 6.8 +0.4090 -0.9125 6 11 2 9.1 9.6 .**0.9958 ..0.0916 9 3 0 4.9 5.3 0.0000 -I.0000 
4 4 0 13.3 14.2 -1.0000 0.0000 4 2 8 2.3 2.1 +0.6165 40.7873 6 12 2 10.5 10.4 -0.4946 -0.8691 9 6 0 6.2 6.2 0.0000 -i.0000 
4 5 0 6.3 7.0 ..i.0000 0.0000 5 2 4 9.7 10.3 -0.9978 -0.0666 6 13 2 5.0 4.8 -0.80~6 +0.5883 9 7 0 0.7 2.1 0.0000 ..I.0000 
4 6 0 8. 5 7.2 -I.CO00 0.0000 5 0 5 16.5 13.2 0.0000 +i.0000 6 0 3 5.2 3.5 0.0000 ..1.0000 9 8 0 9.1 14.2 0.0000 +i.0000 
4 7 0 4.8 4.4 -i.0000 0.0000 5 2 0 16.5 14.9 0.0000 ,i.0000 6 i 3 12.9 13.7 -0.6495 -0.7604 9 9 0 7-7 11.5 0.0000 -i.0000 
4 8 0 9.1 10.8 +i.0000 0.00(90 5 4 0 5.3 6.4 0.0000 -1.0000 6 2 3 14.8 14.3 -0.0506 -0.9987 9 :10 0 6.6 5.0 0.0000 41.0000 
4 9 0 14.1 16.041.0000 0.0000 5 5 0 7.1 8.3 0.0000 -i.0000 6 3 3 ,6.5 6.6 -0.8947 -0.4467 9 :1 I 3.4 4.3 -0.6176 -0.7865 
44100 5.2 4.1-I.00000.0000 ~ $ 0 4.8 4 . 7 0 . 0 0 0 0  +i.0000 64043 i0.1 13.8 +0.8085 .*0.5885 9 2 1  6.8 5.9-0.0837 +0.9965 

Ii 0 5.4 5-9 -1.,7:300 0.0000 0 14.9 16.1 O.O00C -i.o000 11.2 13.9 ,,i.0000 0.0000 9 7 1 6.1 6.3 -0.9478 -0.3188 
4 12 0 4.0 3.3 ,i.0000 0,0000 5 10 0 6.0 5.9 0.0000 -i.0000 6 1 4 21.8 20.6 -0.9024 -0.4310 9 9 1 2-9 3.4 ..0.6910 `,0.7229 
4 13 0 7.5 9.3 +i.00~0 0.0000 5 ii 0 2.8 2.b 0.0000 -).0000 6 2 4 9.3 9.6 ÷0.8245 -0.5658 9 i 2 I0.0 8.1 *0.7648 +0.6443 
4 14 0 6.~ "(.9 -i.0000 0.0000 5 12 0 4.5 2.9 0.0000 -i.0000 6 3 4 5.4 5.5 ,,,0.7711 *0.6368 9 2 2 8.5 6.6 +0.9939 ,0.1099 

1~ ° o 4 6  4 5  1 = o  0 0 0 ®  ~ 1 3  0 ° ~2 ~4 o . . . . . .  ~oo  ~ ~ 4 1 i 5  1 3 4 , , o 3 5 4 3 - 0 9 3 5 ,  9 3 2 3 5  2 3 + 0 ~ 7 8 + 0 . 0 6 6 9  
1.4 5 11.5 13.3 40.8230 -0.5680 i 13.1 17.5 0.0000 .*I.0000 14 2.3 0.0000 -i.0000 " 

4 I I 5.7 8.8 "-0.i~55 -0.9826 5 0 i 6.2 7.5 0.0000 +I.0000 9 4 2 5.4 4.8 +0.0997 -0.9950 
6 ~ 5.6 6.841.00000.0000 ~ 65 2 4.5 3.7 ..0.7008 ..0.7134 

4 2 1 7.3 7.4 -0.4254 .*0.9050 5 1 1 13.7 14.4 ','0.4135 -0.9105 20 5.1 3.6 -0.8260 -0.5636 2.8 2.5 -0.1038 .*0.9946 
4 3 1 16.0 19.1 40.6454 .**0.7656 5 2 i 5.4 7.4 .*0.3678 .*0.9299 6 3 6 7-9 7.3 *0.9888 .*.0.1495 9 7 2 2.1 1.9 *0.8966 -0.4428 
4 4 I 27.7 28.0 -0.9688 +0.2477 5 3 I 17.4 18.1 -0.0554 +0.9985 6 4 6 3.9 5.7 -0.1937 -0.9811 9 9 2 3.5 3.4 -0.9962 .0.0871 
4 5 i 29.1 27.7 -0.7030 .*0.71!i 5 4 I 14.4 16.8 -0.4519 +0.8921 6 0 7 4.5 3.3 0.0000 ,,i.0000 9 0 3 5.8 2.9 0.0000 -I.0000 
4 6 i 12.6 14.5 -0. 3937 -0. 9193 5 5 i 19. i 19.0 +0. 8257 -0. 5641 6 2 7 4.4 3. i -0. 9726 *0. 2325 9 I 3 I0.0 8.2 -0. 7499 -0.6616 
4 7 1 19.2 20.9 .*0.7362 -0.6768 5 6 1 22.5 24.9 -0.1408 *0.9900 6 3 7 6.6 5.3 +0.6244 ,0.7811 9 2 3 12.0 9.6 *0.2932 -0.9560 
4 8 i 11.2 12.6 -0.7422 -0.6702 5 7 i 11.9 13.7 -0.6840 *0.7294 6 4 7 7.2 7.3 ..0.1107 .*0.9939 9 4 3 7.6 7.1 -0.9600 -0.2799 
4 9 i 17.9 17.8 -0.9483 -0.2~57 5 8 i 23.4 25.3 .*0.8033 +0.5956 7 % 0 19.9 17.4 0.0000 ..I.0000 9 i 4 6.8 5.9 +0.7489 -0.6627 
4 i0 I 9.4 9-5 -0.2227 -*0.974Y 5 9 i 17.7 18.5 *0.9937 -0.1117 7 3 0 3.~ 3.8 0.0000 -I .o000 
4 ii I 10.4 10.8 +0.7956 -0.6059 5 I0 i 12.2 12.3 +0.1500 .*0.9887 9 2 4 5.1 4.3 -0.!139 +0.9935 
4 13 i 4.5 4.8 -0.3779 -0.9258 5 n i 7.4 8.2 -0.0694 -0.9976 7 4 0 4.2 6.7 0.0000 -1.0000 9 2 5 4.0 4.8 0.0000 -I.0000 

6.5 +0.9067 ,,0.4217 7 6 0 11.2 11.0 0.0000 -I.0000 I0 1 0 7.1 5.8 -i.0000 0.0000 
44 14 i 8.4 8.3 -0.2878 +0.9577 ~ 12 1 6.9 7 78 010.3 11.5 0.0000 .... O0 1 0 2 0  4.1 5.5 *I.0000 0.0000 

15 i 4.2 5.1 +0.7861 -0.6180 13 4.6 4.3 ,,0.9141 .**0.4055 0 23.4 24.7 0.0000 ..I.0000 i0 43 0 5.1 4.7 -i.0000 0.0000 
4 0 2 7.2 8.5 --i.0000 0.0000 5 0 2 0.2 1.4 -0.9885 -0.0100 7 9 0 6.4 6. 5 O.(XgO0 -I .0000 i0 0 
4 1 2 21.8 17.5 .*0.8709 -0.4915 5 l 2 15.1 11.1 --0.9782 +0.2075 7.~ 5.0 +i.0000 0.0000 7 12 0 13.6 ,8.0 0.0000 41.0000 lO ~ o 5.3 2.6 -iooo0 0.00o0 
4 2 2 27.9 28,0 -0.9718 -0.2357 5 2 2 33.8 28.9 -0.9936 ..0.1127 13 0 8. 5 9.3 0.0000 41.0000 I0 0 2.1 2.7 +i.0000 0.0000 
4 3 2 34.5 32.4 -0.7736 +0.6337 5 3 2 9.7 7.3 -0.9965 +0.0833 7 I 1 11.5 10.8 +0.7507 -0.6607 i0 7 0 1.3 1.7 -i.0000 O.OeO0 
4 4 2 31.6 31.5 -0.6841 -0.7294 5 4 2 13.0 12.4 -0.0858 -0.9963 7 3 I 8.8 8.6 40.3078 -.0.9515 i0 8 0 5.1 4.1 41.0000 0.0000 
4 5 2 19.3 19.8 .**0.9495 -0.3136 5 5 2 17.4 16.0 -0.9246 -0.3809 7 4 1 4.6 6.3 ,-0.9420 -0.3356 10 3 I 11.6 10.4 .*0. It.04 -0.9901 
4 6 2 17.8 16.1 -0.9963 -0.0857 5 6 2 7.5 7.1 +0.9708 `,0.2399 7 5 1 6.0 7.3 *0.9505 ,0.3108 i0 4 i 6.8 6.2 ,0.1102 ÷0.9939 
4 7 2 13.T 13.6 -0.8812 *0.4728 5 7 2 9.3 10.3 -0.4817 +0.8763 7 6 1 11.1 13.1 -0.0732 +0.9973 10 5 1 4.7 5.1 ,,0.8406 +0.54"7 
4 8 2 16.5 15.6 -0.9789 .*0.2044 5 8 2 8.1 6.8 40.7283 -0.6852 7 8 1 9.6 10.1 +C.9684 +0.2493 I0 8 I 5.8 6.2 -0.0151 ,i.0000 
4 9 2 10.9 9.3 .**0.6403 +0.7681 5 9 2 12.8 12.9 +0.7316 -0.6818 
4 I0 2 20.7 17.9 -0.7~88 ,,0.6147 5 i0 2 3.4 1.7 -0.9908 -0-1354 7 12 1 5.2 5.1 ,0,1609 .*0.9870 i0 i 2 8.3 5.4 -0.9917 +0.1289 
4 ii 2 3.4 3.3 .*0.8509 +0.5254 5 ii 2 8.4 7.9 `,0.0635 40.9980 7 0 2 18.1 16.a -1.0000 0.0000 I0 2 2 8. 5 6.0 -1.0(300 -0014~ 
4 12 2 2.3 2.7 -0.9488 -0.3159 5 12 2 6.2 5.6 -0.1810 -0.98)5 7 1 2 8.8 7.3 -O.,,b20 *0.8869 10 3 2 6.6 5.6 +0.6938 *0.07201 

7 2 2 11.4 9.6 -0.9993 `,0.0367 10 4 2 2.6 2.3 +0.8877 *0.4604 
4 13 2 3.6 3.5 -0.6316 -0.7753 5 13 2 8.0 8.5 40.9325 *0.3610 7 3 2 2.6 2.5 ,0.4125 +C.9110 10 5 2 4.4 3.7 -0.7127 ..0.7015 
4 14 2 9.0 8.5 -0.6655 .*0.7464 5 14 2 3.5 3.2 -0.9~30 ,,C.1836 7 4 2 ~.1 5.4 -0.7547 -C.6561 10 2 3 4.8 4.0 ,,0.4378 -0.8991 
4 0 3 5-1 5.3 0.0000 +i.0000 5 0 3 17.1 16.9 0.0000 *i.0000 7 5 2 5.5 4.8 +0.9000 +0.4359 10 4 3 6.3 -~.8 w-n.9o31 w-0.~2~4 
4 I ~ 8.8 ....... 6634 +0.7403 ~ i ~ 5-9 5 ..... 8563-0.~165 ~ 7 2 4.3 4.~-0.2205 +0.9754 11 i 0 

13.1 13.3 -0.6111 -0.7915 4.4 3.4 0.0000 -!.0000 
2 3.3 3.1 -0.6482 +0.7614 2 2 5.9 40 .,C.9815 ,,,0.2491 II 2 0 5.0 2.7 0.0000 -].0000 

4 3 3 15.5 14.9 +0.1494 -0.9888 5 3 3 8.5 8.6 40.9862 -0.1658 ( 9 2 3.1 3.5 +0.9957 -0.0815 Ii 3 0 2.1 1.7 0.0000-I.0000 
44 ~ 3314.0 12.2-0.9986-0.0523 ~ 40 3413.911"2 12.715"9 -1.0000"0'0613 -*0.99810.0000 7102 4.1 3.5-0.9904 .... 383 114 0 2.0 2.4 0.0000 +1.0000 

8.5 i0. I -0.9250 -0.3799 11 2 6.6 7.1 .*0.4605 *0.8~77 ll 5 0 2.~ 3.2 0.0000 -i.0000 
4 7 3 3.7 3.5 -0.3349 -0.9423 5 1 4 11.2 /1.7 +0.7065 +0.7078 7 I 3 ~3.4 14.2 -0.8227 -C.5685 11 1 i 7.0 7.1 -0.8507 -'0.5256 
4 8 3 9.3 10.4 -0.9952 -0.0973 5 3 4 8.4 7.9 -0.3382 -0.9411 7 ~ 3 22.7 18.6 -0.1005 -0.9949 Ii 2 1 4.5 6.3 .*0.4998 +0.866~ 
4 9 3 6.3 6.4 -0.~448 +0.5350 5 4 4 6.3 8.0 -0.7902 +0.6129 7 4 3 12.4 12.2-0.9984 -0.0573 ii 3 1 6.1 5.3 +0.1163 -0.9932 
4 11 3 4:6 5-4 -0.5875 +0.8092 5 1 5 14.2 12.7 ..0.1743 -0.9847 7 0 4 5.5 3.9 -1.0000 0.0(>50 Ii 40 i ~..4 4.9 -0.8004 +0.5995 
4 13 3 3.3 ~.3 -0.4822 .*0.8760 5 2 5 11.8 11.4 +0.3984 ,0.9172 7 1 4 10.4 8.8 +0.9636 -0.2674 ii 2 8.7 ~.i *i.0000 0.0000 
414 3 4.9 4.3 -0.7200 *0.6939 5 3 5 7.8 9.4 *0.8936 -0.44~9 7 2 4 8.7 6.8 -0.9956 -0.0937 11 i 2 5.5 5.4 *0.8855 +0.4646 
4 0 4 36.0 37.7 ..i.0000 0.0000 5 4 5 4.7 5.7 -0.6241 ,0.7813 7 3 4 4.7 5.5 -0.9763 ,,0.2~65 ii 2 2 5.6 5.7 .*.0.9112 -C.4119 
4 1 4 4.8 5.9 -0.9655 -0.2604 5 1 6 6.9 7.5 *0.9522 *0.3053 7 4 4 11.0 .12.6-0.5821 ..0.8131 II 3 2 4.0 4.0 +0.2~ -0-9575 
4 2 4 8.3 11.4 *0.3744 -6.9273 5 2 6 4.5 5.0 -0.,8779 *0.4788 7 3 5 6.2 4.9 ,0.1690 -0.9856 ll 4 2 2.3 2. b -0.3406 -0.9403 
4 5 4 4.0 3.5 -0.7434 *c.6669 5 3 6 4.6 4.9 .*0.5682 .*0.8229 7 4 ~ 6. 9 7.3 -0.~172 .*0.5)89 

4 ~ 4 7.7 8.o +o.8963 -0.~435 5 4 6 ~.5 7.3 -~0.6075 .~0.7943 7 o 6 5.0 3.7 ,,~.oooo o.oooo 
4 5 4 11.4 10.3 +0.0907 -0.9959 5 1 7 3.6 4.9 -0.9319 -0.3628 7 2 6 5.3 4.3 -0.8912 +0.4535 

5 2 7 4.7 3.1 .**0.7469 ,,D.6650 7 3 6 5.2 5.7 *0.9896 -*C.1439 
4 6 4 6.5 6.4 *0.43?0 -0.8994 5 3 7 3.O 4.7 -0.7071 -0.7070 8 4 3 14.8 15.0 +0.99~0 -0.O637 

8 11 1 5.1 4.7 *0.0511 +0.998? 

The CC bonds in/~-D-glucose agree well with each ever, C(1)O(1) differs from the mean by approximately 
other and with the accepted value, the mean being three times its standard deviation, and is therefore 
1.53 A and the maximum deviation 0.015 J~. The probably significantly short. This is extremely in- 
mean CC bond in a-D-glucose is 1 . 5 4 / l  and in the two teresting in comparison with a-D-glucose where 
residues of cellobiose is 1.53 A and 1.51 ~.  The CO McDonald & Beevers found two short bonds: C(6)O(6) 
bonds in fl-D-glucose give a mean of 1"44 / l  which (not significantly different from the mean in fl-D- 
compares with the accepted value of 1.43 ~.  How- glucose) and C(1)0(1); McDonald (]950) speculates 
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on the possible chemical significance of these short 
bonds. The results from fl-D-glucose indicate that  
shortening of the C(1)O(1) bond may well be a real 
effect. The quoted bond lengths of cellobiose do not 
show great consistency and both C(1)0(1) bonds, 
although short, are not the shortest quoted for their 
residue. 

The bond angles in fl-glucose are all very close to 
the tetrahedra] angle with two exceptions. 

The first is the ring oxygen bond angle 
C(5)-0(5)-C(1) which is calculated as 113.1 °. This 
compares with 117.3 ° and 115.2 ° in the two glucose 
residues of cellobiose and with 111 ° in a-D-glucose. 
The second is C(4)-C(5)-C(6) which is calculated as 
115.5 ° . I t  is interesting to note that  the two glucose 
residues in cellobiose have only one angle (apart 
from the ring oxygen angle) which appears signifi- 
cantly greater than the tetrahedral angle in both 
residues. This is C(4)-C(5)-C(6) which has the values 
115.3 ° and 115.4 °. The corresponding angle in a-D- 
glucose, however, is 112 ° and it does not appear to 
be significantly large. 

(b ) Temperature anisotropy 
The final B~ values, which are given in Table 4, 

were used to compute the principal axes of the 
ellipsoids of thermal vibration for the carbon and 
oxygen atoms; the method used was that  due to 
Busing & Levy (1958). The results are shown in 
Table 6. #(r) are the r.m.s, displacements along the 
rth principal axis. Strictly according to the figures 
these are correct to _+0-01 A. O(r) are the angles 
made by the rth principal axis with the ith direct- 
lattice vector. These angles are quoted for con- 
venience to the nearest half degree, but are certainly 
not reliable to better than ten degrees. 

These results indicate that  fl-D-glucose has con- 
siderable thermal anisotropy. Alternatively it may 
well be that  these parameters have only proved 
useful as a method of reducing the overall reliability 
to a low figure. The mean of the r.m.s, displacements 
of each atom gives a measure of the temperature 
effect considered as isotropic for each atom. These 
means are given in Table 7 and show considerable 
consistency. All ring atoms including 0(5) show, as 
would be expected, consistently less thermal  vibra- 
tion than oxygen attachments. 

(c) Intermolecular bonding 
Four pairs of atoms have separation values which 

correspond to hydrogen bonds. Three of these 

0 ( 5 ) - 0 ( 3 ' )  (2.77 A), 0 ( 6 ) - 0 ( 2 ' ) ( 2 . 7 1  / ~ ) a n d  
O(2')-0(3") (2.71 ~) are shown in Fig. l(c). Still 
referring to this figure, the only other possible bonds 
are between oxygen atoms of one molecule and the 
oxygen atoms of the identically oriented molecule 
shifted one cell length along c. O(6)-0(1) (2.69 A) 
is one such bond and corresponds to the fourth 
hydrogen bond. I t  is not drawn in Fig. 1(c) but can 
be seen in Fig. 2(b). 

The O(1) hydrogen is approximately 1 /~ along 
0(1)O(6) (O(1) to 0(6) of identical molecule, one cell 
length along c). The 0(6) hydrogen is approximately 
1 • along 0(6)0(2 ). The 0(2) hydrogen lies approx- 
imately 1 /~ along e.g. O(2')0(3") and 0(3) hydrogen 
lies approximately 1 /~ along e.g. 0(3')0(5). The 0(2) 
hydrogen has no hydrogen bond and its position, 
as given in Table 3, had to be estimated. The structure 
is therefore not fully bonded and the details and 
significance of this are discussed elsewhere (Ferrier, 
1960). 

This work originally formed part of a programme 
of fundamental research undertaken by the British 
Rayon Research Association and the author wishes 
to express his sincere appreciation of their support. 
The author also wishes to thank the University of 
Glasgow for permission to use DEUCE and for access 
to the crystallographic programs. 
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