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The Crystal Structure of Maleic Anhydride* 
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The crystal structure of maleic anhydride, C4H20 a, has been determined and refined by an analysis 
of three-dimensional X-ray diffraction data. The crystals are orthorhombie with space group P212121 ; 
the cell dimensions are: 

a=7-180+0.008,  b=11.231_+0.015, c--5.39_+0.03 /~. 

The maleic anhydride molecule is slightly non-planar, the oxygen atom within the five-membered 
ring lying 0-03 A from the plane of the other atoms. The nearest intermolecule neighbors are 
hydrogen and oxygen atoms, hut, there is no evidence of C~H • • • O hydrogen bonds. 

Introduct ion 

Two considerations prompted  us to under take  an  
invest igat ion of the crystal  s tructure of maleic an- 
hydride (I): 

(1) We felt tha t  a careful de terminat ion  of the 
interatomic distances and  angles would contribute 
fundamenta l ly  to an  unders tanding of the properties 
of this impor tan t  compound. 

(2) We ant ic ipated tha t  the principal  intermolecular  
contacts would probably  be between hydrogen atoms 
of one molecule and oxygen atoms of its neighbor, 
and  tha t  the geometry of these contacts might  throw 
light  on the question of the s t ructural  impor tance  of 
C-I-I--  • O hydrogen bonds. 
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(i) 

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

An acicular crystal  of commercial ,  reagent-grade 
maleic anhydr ide  was mounted  in a thin-walled glass 
capil lary with its needle axis (c) parallel  to the axis 
of the capillary. This crystal  was used for all  ex- 
per imenta l  measurements .  We prepared the following 
photographs : (1) mult iple-f i lm equi-inclination Weis- 
senberg photographs about  c for layer  lines 0 through 5, 
using Cu Kc¢ radia t ion;  (the f if th layer  line, which has 
an equi- incl inat ion angle of 45.6 °, was ac tual ly  re- 
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corded at 43-8 °) ; (2) zero-level precession photographs 
of the (100), (010), and (110) zones, using Mo K s  
radia t ion;  (3) a S t raumanis - type  rotat ion photograph 
about  c, using Cr Kc¢ radiation.  

The Weissenberg and precession photographs showed 
the crystal  to be or thorhombic with space group 
P212121(D~). Values for a and b were obtained from 
a least-squares analysis  of the St raumanis  photo- 
graph;  c was obtained from the precession photographs 
which were cal ibrated from the known values of 
a and b. The unit-cell  dimensions and est imated l imits  
of error are: 

a = 7 . 1 8 0 ± 0 . 0 0 8 ,  b=11 .231±0 .015 ,  c - -5 .39±0 .03  .~ 
(~ C r =  2.2909 A ) .  

The densi ty  calculated on the basis of four molecules 
in the uni t  cell is 1.498 g.cm. -s. 

Intensi t ies  on the Weissenberg photographs were 
es t imated visual ly  by  two of the authors (1%. M. and 
H. W.), corrected for Lorentz and  polarization factors, 
and  averaged. Pre l iminary  scale factors for the six 
layer lines were obtained by  correlation with the  
precession photographs;  later,  these scale factors were 
adjus ted by  comparing observed and calculated struc- 
ture factors, the m a x i m u m  ad jus tment  being 13%. 
The precession photographs also provided in tens i ty  
est imates for four reflections (002, 012, 013, and 004) 
which were not observable on the Weissenberg photo- 
graphs. 

Determinat ion  of the s tructure  

Our search for a tr ial  structure began with packing 
and s y m m e t r y  considerations and was guided by  a 
large observed in tens i ty  for the (220) reflection. The 
shortness of the c axis (5.4 A) indicated tha t  there 
could be no superposit ion of atoms in the (001) projec- 
tion, and  we assumed the m a x i m u m  permissible value 
of the dihedral  angle between the plane of the molecule 
and the (001) plane to be 60 °. (The final results show 
it to be 66°.) 
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A p r e l i m i n a r y  s t ruc tu re ,  based  on an  a s sumed  
molecu la r  g e o m e t r y  which  t u r n e d  out  to be v e r y  close 
to  t he  f ina l  one, was  p ro jec ted  onto  the  (001) p lane  
so as to  give sa t i s f ac to ry  packing .  The  molecule was 
t h e n  t r a n s l a t e d  in  the  a a n d  b d i rec t ions  to  y ie ld  a 
m a x i m u m  ca lcu la ted  i n t e n s i t y  for the  220 ref lect ion;  
s t ruc tu re - f ac to r  a n d  e l ec t ron -dens i ty  ca lcula t ions  for 
the  low-order  ref lect ions gave  promis ing  results .  How-  
ever,  f u r t h e r  s t ruc tu re - fac to r  a n d  e lec t ron-dens i ty  
ca lcu la t ions  were less encourag ing  a n d  sugges ted  t h a t  
t he  s t r u c t u r e  was  correct  in  genera l  b u t  wrong in detai l .  
Accord ing ly ,  we r o t a t e d  the  molecule  abou t  i ts  0 6 " "  07 
ax i s  un t i l  t he  oxygen  a t o m  in the  r ing  (01) p ro jec ted  
o n  the  opposi te  side of the  06 • • • 07 line. The  resu l t ing  
low-order  s t ruc tu re  fac tors  a n d  Four ie r  p ro jec t ion  
looked  cons iderab ly  more  promising.  P r e l i m i n a r y  

~F-  

Y 
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Fig. 1. The final electron density projection onto (001). The 
contours are at intervals of 1 e.A -a, beginning with the 
one-electron contour. 

a d j u s t m e n t s  of the  x and  y p a r a m e t e r s  b y  a t r i a l -and-  
error  m e t h o d  i m p r o v e d  the  a g r e e m e n t  of several  
reflect ions,  a n d  a comple te  hk0 s t ruc tu re - fac to r  cal- 
cu la t ion  was carr ied ou t ;  t he  R fac tor  was  0.57. 
A leas t -squares  ca lcu la t ion  coupled w i th  a r ead jus t -  
m e n t  of pa rame te r s  to m a i n t a i n  a reasonable  molecu la r  
g e o m e t r y  reduced  the  R fac tor  to 0.30. E i g h t  least-  
squares  cycles toge the r  w i th  an  a d j u s t m e n t  of the  
average  scale a n d  t e m p e r a t u r e  p a r a m e t e r s  reduced 
i t  to 0.13 and  comple ted  the  two-d imens iona l  refine- 
ment .  

S t a r t i n g  w i th  the  p red ic ted  d imens ions  of the  mole- 
cule a n d  i ts  p ro jec t ion  onto  the  (001) plane,  we pro- 
j ec ted  i t  on to  (100) b y  a geometr ica l  cons t ruc t ion .  
W e  t h e n  pos i t ioned  the  molecule  a long the  c axis  to 
give reasonable  packing ,  a n d  ass igned z p a r a m e t e r s  
to all  the  a toms.  The  f i rs t  t h ree -d imens iona l  s t ruc ture -  
fac tor  ca lcu la t ion  y ie lded  an  R fac tor  of 0.24. 

R e f i n e m e n t  of t he  p a r a m e t e r s  was carr ied ou t  on 
the  B u r r o u g h ' s  220 computer ,  us ing  a s t ruc tu re - fac to r  
leas t -squares  p r o g r a m  developed b y  Mr A. H y b l .  
(The same p r o g r a m  was used for the  two-d imens iona l  
calculat ions.)  Three  pos i t iona l  a n d  six t e m p e r a t u r e -  
fac tor  p a r a m e t e r s  were ref ined for t h e  ca rbon  a n d  
oxygen  a toms ;  in i t i a l  pos i t iona l  p a r a m e t e r s  for t he  
h y d r o g e n  a toms  were ass igned assuming  C - H  d is tances  
of 1.0 ~ a n d  were inc luded  in  the  f ina l  leas t - squares  
calculat ions.  Scale fac tors  for the  i nd iv idua l  l aye r  l ines 
were a d j u s t e d  once dur ing  the  r e f i nemen t ;  o therwise ,  
on ly  a single fac tor  was ad jus ted .  

Fo r  the  in i t ia l  r e f inement ,  cons is t ing  of 13 s t ruc tu re -  
fac tor  leas t - squares  cycles, we chose s o m e w h a t  arbi-  
t r a r i l y  the  we igh t ing  scheme 

l / w =  1/(1 + 2Fo + 0.12Fo2).  (1) 

D u r i n g  th i s  r e f i nemen t  t he  R fac tor  d ropped  to  0.054 
a n d  the  sum of the  we igh ted  residuals ,  

I [  ( V w (  Fo2 - Fc2)  ]2, 

104 

Table  1. T h e  f i n a l  p a r a m e t e r s  a n d  t h e i r  s t a n d a r d  d e v i a t i o n s  

The temperature factors are  e x p r e s s e d  in the form T~ -- exp ( -- a i  h ~" -- fli k ~" -- ?i 1 z -  (~i hk -- si  h l - -  ~]t kl) 

01 C~ C a C 4 C s 06 07 
x 0.1706 0.1835 0.0650 --0.0138 0.0476 0.2782 0.0109 
~x 3 5 5 5 5 5 5 
y 0.1162 0.2037 0.1673 0.0664 0.0305 0-2889 -- 0.0536 
~y 2 3 3 3 3 2 2 
Z 9"5218 9"3393 0"1308 9"1577 0"4373 9"3669 0'5639 
az 4 7 7 7 8 8 7 

a 234 226 285 226 230 366 400 
~ 4 5 6 6 6 7 8 
fl 138 114 121 127 108 134 132 
~ 2 3 2 3 2 3 2 
? 418 496 403 530 572 757 801 
Gy 9 14 13 17 15 17 15 

14 -- 17 38 16 18 -- 175 -- 30 
~ 5 7 9 7 7 9 8 
e -- 68 6 -- 114 -- 147 10 -- 41 56 
~8 11 16 17 17 16 21 21 

-- 11 -- 56 --22 --94 8 -- 106 144 
~ 8 10 10 12 11 13 12 

0.069 
7 

0.215 
4 

--0"036 
11 

H 9 

-- 0.097 
7 

0.010 
4 

0'060 
13 
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Table 2. Observed and calculated structure factors 

The five columns in each group contain the values, reading from left  to right, of k, 10Fo, 10]Fcl, IOAe and 10Be. l~eflections 
indicated by an asterisk (*) were omitted from the least-squares refinements; those indicated by the letter a were given half weight  
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dropped from 1075 to 20; in the last cycle no param- 
eter shift exceeded one-third of its standard deviation. 

At  this point we changed weighting schemes, 
adopting one which more truly  represented our 
est imates of the reliabilities of the observed quantities 
Fo e . This scheme, which gave greater relative weight 
to the weak reflections, was 

V'w= i/(0-1 + 0 - 1 F 2 ) .  (2) 

Five least-squares cycles with this weighting scheme 
completed the refinement.  The final R factor for 479 
observed reflections having non-zero weight was 0.055. 
Unobserved reflections were not  included in the R 
factor; they  were included in the least-squares refine- 
ment  only if the calculated structure factor exceeded 
the minimum observable value. 
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The final atomic parameters and their standard 
deviations are given in Table 1. The observed and 
calculated structure factors are given in Table 2. 

A c c u r a c y  of  the  r e s u l t s  

The standard deviations in the positional parameters 
(Table 1) were calculated from the residuals and the 
diagonal terms of the least-squares normal equations.  
The average standard deviation for the heavy  atom 
parameters is about 0.003 •, leading to a standard 
deviation in an interatomic distance of about 0.005 Ji 
and a limit of error of 0.015 ~ ;  the limit of error in 
a bond angle is about  1-0 °. The limits of error in the 
bond distances and angles involving hydrogen atoms 
are approximately  0 . 1 5 / l  and l0  °, respectively. 
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The s tandard  deviations in the temperature-factor  
parameters  of the heavy  atoms were calculated from 
the diagonal terms of the 6 × 6 inverse matr ix  of the 
normal  equations,  and take  into account  interact ions 
between the six tempera ture  parameters  of the same 
atom. The real meaning of these s tandard  deviations 
is not  clear, since the tempera ture  factors include the 
effects of absorption,  spot shape and other experimen- 
ta l  errors. In  addit ion,  the coefficients ~ may  include 
corrections to the  scale factors of the individual  layer 
lines. The s tandard  deviations,  then,  must  be con- 
sidered re levant  only to the temperature-factor  param- 
eters themselves and not  to the implied thermal  
motions of the atoms. 

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

(i) Bond distances and angles 
The bond distances and angles are shown in Fig. 2 

and listed in Table 3. Two best planes were calculated 
by the method of least-squares (Schomaker et al., 1959), 
with approximate  weights assigned to all a toms on 
the basis of the  s tandard  deviat ions of their  param- 
eters. Table 4 gives the results of this calculation. 

[26 1 3 1 ° ~  12~0 o 

Fig. 2. Bond distances and angles in maleic anhydride. 

The three oxygen atoms deviate by about  five 
e.s.d.'s from plane (A) (Table 4), which was calculated 
from the  positions of all nine atoms. The positions 
of the  two hydrogen atoms and of the ring oxygen 
a tom 01 were excluded from plane (B), which shows 
the remaining ~tom8 to b~ copl~n~r within 0"005 A; 
O1 lies 0 .029/~ from plane (B). Accordingly, i t  seems 
appropria te  to describe the  molecule as sl ightly but  
significantly non-planar ,  being puckered a t  01. I t  is 
suggestive t h a t  both  hydrogen atoms deviate from the 
molecular plane by approximate ly  the same amount  
and in the same direction; however, we do not  believe 
these deviat ions are significant. 

Wi th in  experimental  error the molecule has the 
symmet ry  m, the mirror plane being perpendicular  to 
the molecular plane and passing through 01 and the 
midpoint  of Ca-C4. There is no significant difference 

Table 3. Bond distances and angles 
Distance Angle 

O1-C 2 1.393 A C5-O~-C e 107-5 ° 
O1-C 5 1.383 O1-C2-C a 107-8 
C2-C a 1.467 O1-C2-C 6 121.3 
C4-C 5 1.472 O6-C2-C 3 130-9 
Cs-C a 1"303 C2-Ca-C 4 108.3 
C2-O 6 1.184 C3-C4-C 5 108-8 
C5-O 7 1.194 C4-C5-O 1 107.6 
C3-H s 1.11 C4-C5-O 7 132-3 
C4-H 9 1.05 O?-C5-O 1 120.1 

Ce-Ca-H s 120 
C4-Ca-Hs 131 
C3-C4-H 9 126 
C5-C4-H 9 125 

Table 4. Least-squares planes 

Plane (A) : 0.7686ax- 0-4952by-- 0.4051cz---- -- 0-859 
Plane (B) : 0-7724ax-- 0.4951 by -- 0-3979cz = -- 0-848 

Plane (A) Plane (B) 
Atom Weight Deviation Weight Deviation 

O 1 700 0.015 0 0-029 
C 2 300 - 0.002 300 0.005 
C~ 300 0.002 300 -- 0-002 
C 4 300 0.004 300 0 
C 5 300 -- 0-003 300 0.005 
06 400 --0.014 400 -- 0"003 
O~ 400 -- 0-014 400 -- 0-003 
H 8 2 0-125 0 0.115 
H 9 2 0.134 0 0-123 

between the two observed values within each pair  of 
chemically equivalent  bond distances and angles, and 
we shall discuss the molecular dimensions in terms of 
the average of each pair  of observed values. 

The C8-C4 distance, 1.303/~, is significantly shorter 
t han  the value 1.334 • observed in ethylene (Bartell 
& Bonham,  1957) and usually chosen as the normal  
C-C double-bond distance. I t  is far shorter t han  the 
value 1-43±0.02 reported in maleic acid (Shahat,  
1952), but  close to the values found in p-benzoquinone 
by X-ray  diffraction (Robertson, 1935) and by elec- 
t ron diffraction (Kimura & Shibata,  1954; Swingle, 
1954). A comparison of analogous distances in benzo- 
quinone and maleic anhydr ide  is given in Table 5. 

Table 5. Comparison of bond distances in maleic 
anhydride and p-benzoquinone 

Benzoquinone 
Maleic ^ 

Bond Anhydride (a) (b) (c) 

C -  C 1-470 1-50 1-52 1.50 
C=C 1-303 1-32 1.31 1-32 
C=O 1.189 1.14 1.15 1-23 

(a) X-ray; Robertson (1935). No uncertainties given. 
(b) E.D.; Kimura & Shibata (1954). Uncertaintie.~ (not 

defined), 0.02 A. 
(c) E.D.; Swingle (1954). Limits of error, 0-04 A. 

The average single-bond C-C distance in maleic 
anhydride,  1.470 .~, is shorter than  the values reported 
for benzoquinone but slightly longer than  the average 
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value, 1.45 /~, reported in maleic acid. I t  compares 
well with the central C-C distance in 1,3-butadiene 
(1-47 /~; Schomaker & Pauling, 1939) and with many 
other C-C bond distances in conjugated systems, and 
implies a double-bond character of about 15%. 
Further  evidence of the double-bond character of the 
C2-C3 and Ca-C5 bonds is given by the external bond 
angles at C2 and C5, for the O-C-O angles are 11 ° 
smaller than the C-C-O angles. Both angles, of course, 
are larger than normal because of the geometrical 
requirements of the five-membered ring. 

The average C-O distance within the ring, 1.388 /~, 
is slightly shorter than the value 1.41 usually chosen 
as the single-bond distance between an oxygen atom 
and a planar carbon atom (Pauling, 1960, p. 275). 
There is a wide range of C-O bond distances reported 
in analogous compounds: 1.40-1.41 /~ in furane 
(Schomaker & Pauling, 1939; Beach, 1941); 1.30 and 
1.31 A in furoic acid (Goodwin & Thomson, 1954); 
1.33 and 1.40/~ in ethylene carbonate (Brown, 1954); 
and 1.39-1.41 /~ in diketene (Katz & Lipscomb, 1952; 
Bregman & Bauer, 1955). 

The double-bond C-O distance of 1.189 A should 
perhaps be increased by approximately 0.02 A to take 
account of the thermal motion implied by the tempera- 

ture factors (Cruickshank, 1956b). The resulting value, 
1.21/~, is that  usually accepted for a C-O double bond. 

The average C-H distance, 1.08 /~, is close to the 
value commonly chosen as the normal single-bond 
distance. Maleic anhydride, then, shows none of the 
apparent shortening of C-H bond distances tha t  has 
been reported in numerous other X-ray diffraction 
investigations. 

(ii) Packing of the molecules 
Drawings of the structure viewed down the a and c 

axes are shown in Figs. 3 and 4, respectively; a packing 
drawing viewed down c is shown in Fig. 5. 

As was pointed out in the introduction, a principal 
point of interest in the crystal structure of maleic 
anhydride is the effect on the molecular packing of 
interactions between the oxygen atoms and protons 
attached to carbon atoms. As anticipated, the shortest 
intermolecular contacts have turned out to be between 
these atoms. However, there is no indication that  these 
interactions are other than normal van der Waals 
forces. 

Each of the two hydrogen atoms is surrounded by 
three oxygen atoms of neighboring molecules, the 
H • • • O distances being 2-68, 2-74, and 2-76 A for Hs 

- -  C 0 - -  

Fig .  3. T h e  s t r u c t u r e  v i e w e d  d o w n  t h e  a axis .  

ao 

Fig.  4. T h e  s t r u c t u r e  v i e w e d  d o w n  t h e  c ax is .  
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Fig. 5. A packing drawing of the structure viewed down 
the c axis. 

and 2.84, 2.89, and 3.03 J~ for H9 (the second decimal 
is of little, if any,  significance). The sum of the van  
der Waals  radi i  is given by  Paul ing (1960) as 2.6 /~. 
I n  both  cases the ar rangement  of the oxygen atoms 
about  the hydrogen is roughly te t rahedra l  with respect 
to the H-C bond, and it  is apparen t  t ha t  the H • • • 0 
interact ions have none of the geometric properties 
associated with what  is usual ly called a hydrogen bond. 
An interest ing s t ructural  feature (Fig. 4) is the forma- 
t ion of zig-zag chains of molecules along the b direc- 
t ion, adjacent  molecules within the chain being held 
together  (if t h a t  is the appropria te  phrase) by two 
C - H . . .  O interactions.  

(iii) The temperature factors 

In  discussing the thermal  motions implied by the 

temperature-~actor parameters  o~ the individual  atoms 
one must  bear in mind tha t ,  because of the lack of 
adequate  inter- layer  scaling, the parameters  y which 
describe the motions in the c direction are not  well 
determined.  Nevertheless, the  pa t t e rn  of atomic 
mot ion  derived from the  temperature-factor  param- 
eters of Table 6 seems to be a reasonable one; more- 
over, there does not  appear  to be any  systematic  
ad jus tment  of the ~ values which would lead to a more 
reasonable pat tern .  

In  Table 6 are listed the  magni tudes  of the  three 
principal axes of the thermal  ellipsoids for each a tom 
and their  direction cosines relat ive to the crystallo- 
graphic axes. As expected, the largest thermal  motions  
are associated with the  carbonyl  oxygen atoms 0~ 
and 07. For both  of these atoms the direct ion of 
max imum mot ion  is perpendicular  to the correspond- 
ing C-O bond and is inclined by about  35 ° (in opposite 
senses) to the plane of the molecule; in both  cases the 
direction of minimum motion is within 10 ° of parallel 
to the C--O bond. 

Table 6. The principal temperature factors a~d their 
direction cosines relative to the crystallographic axes 

Atom Axis i Bi g,l gi2 gi8 
O 1 1 7.08 0.124 0-988 --0.091 

2 5.39 0.687 --0-152 --0.711 
3 4.37 0.716 --0.026 0.698 

C2 1 6-50 -- 0.089 0.704 0-705 
2 5.22 -- 0-396 0.624 -- 0-674 
3 4-60 0.914 0.339 -- 0-223 

C a 1 6.98 0.691 0.633 -- 0.350 
2 5.61 --0.545 0.774 0.323 
3 4.27 0-475 -- 0.033 0.879 

C 4 1 7.85 0.326 0.637 -- 0.698 
2 5-58 --0.458 0.753 0.473 
3 3-97 0-827 0.165 0.537 

C 5 1 6.73 0-054 0.091 0.994 
2 5.60 0.331 0-938 -- 0.103 
3 4.70 0.942 - 0.335 - 0.020 

O 6 1 10.41 -- 0.628 0.653 -- 0.424 
2 8.90 --0.475 0.110 0.873 
3 4.06 0.616 0.750 0.241 

O~ 1 10.29 0.057 0-435 0.899 
2 8.58 0.960 - 0.271 0-070 
3 5.64 0.274 0.859 -0-433 

The results of a r igid-body t r ea tmen t  of the tem- 
perature factors (Cruickshank, 1956a) show the largest 
t rans la t ional  v ibra t ion to be in the direction of the  
long axis of the molecule ( 0 6 " - "  07) with a mean 
square ampli tude of 0.07 /~-; the t ransla t ional  ampli- 
tudes along the short  axis and in the out-of-plane direc- 
t ion are about  0.05/~2. The magnitudes of the angular  
oscillations are near ly  the same (35 °2 ) about  all three 
axes. The agreement  between the observed vibra t ion 
ampli tudes U,~ and those calculated from the  rigid- 
body motions is ra ther  poor, par t icular ly  for the  

carb0nyl oxygen atoms 0~ and 07. To explain satis- 
factorily the individual  a tom vibrat ions i t  appears to 
be necessary to consider not  only the simple r igid-body 
motions but  also some bending of the C = O  bonds. 

We are indebted to Mr David  Barker  for assistance 
in m a n y  of the computat ions.  One of us (It. E. W.) 
would like to t h a n k  the Nat ional  Science Founda t ion  
for a Science Facu l ty  Fellowship, during the tenure of 
which much of this work was carried out. 
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Determinat ion  of the A n o m a l o u s  Scattering Factor Af' for Chlorine 
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Department of Physics, University of Madras, Madras. 25, India 

(Received 14 November 1960) 

Measurements of the Bijvoet inequality for the c zone of v.-tyrosine hydrochloride are reported. 
The measured values of the Bijvoet inequality vary between half and twice the calculated value, 
but  there is a good agreement in sign in almost all cases. These large variations between the observed 
values and those calculated from the structure are explained by the possible errors in the atomic 
coordinates and errors in the measurement of the Bijvoet inequality. The imaginary part  of Af" 
for chlorine for Cu Ka  is estimated to be 0.67 +__0.21. The absolute configuration of L-tyrosine is 
also obtained. 

1. I n t r o d u c t i o n  

During recent years, the anomalous dispersion method 
of measuring the phases of X-ray  reflections has proved 
to be successful in elucidating the structure of non- 
centric crystals (Ramachandran  and l~aman, 1956, 
Raman ,  1959, Doyne, Pepinsky & Watanab6,  1957). 
This method of es t imat ing the phases depends on 
measuring the difference in in tens i ty  between pairs 

of inverse reflections H (hkl) and H (~ l )  produced 
by  the  imag ina ry  component  d f "  of the atomic 
scattering factor. Since the value of z i I  depends on 
d f " ,  the es t imated value of the phase angle also 
depends on the actual  value of d f "  used. The values 
ordinari ly used are those calculated by  HSnl (James, 
1954) or by  Dauben  and  Templeton (1955), the 
former using the wave-mechanical  theory and  the 
lat ter  a semi-theoretical method. I t  seems desirable 
now to determine exper imenta l ly  the values of Af"  
for the  following reasons. The measurements  on 
NaC108 (Ramachandran  and Chandrasekharan,  1957) 
indicated tha t  there was not very  good agreement  
between the magni tude  of (z]I/I)th. and (zlI/l)exp. 

* We have now received the information from Dr J. R. 
Townsend that only certain crystals of ZnO exhibit this 
anomaly regarding the Bijvoet inequality and therefore the 
peculiar results reported earlier require reassessment. 

a l though the sign of the two agreed in most cases. 
Harrison,  Jeff rey  and Townsend (1958) found in their  
measurements  of anomalous dispersion effects in Z n 0  
a peculiar periodic variat ion,  which cannot be explain- 
ed by  using a common value of A f "  for each Zn atom. 
They concluded that ,  if more than  one identical  
anomalous scatterer occurs in the uni t  cell, it  m a y  be 
necessary to compute the anomalous crystal  s tructure 
factor directly.* Bijvoet  while determining the 
absolute configuration of NaBr03 found tha t  it gave 
an exact ly  opposite configuration to tha t  of its iso- 
morpheus  pair  NaC103 and suspected tha t  the occur- 
rence of more than  two identical  anomalous scatterers 
in the uni t  cell was the cause of this  (personal commu- 
nicat ion to Prof. G .N .  Ramachandran) .  Thus it 
appears tha t  two types of exper imenta l  s tudy of the 
anomalous dispersion effects are needed: 

(i) One is to f ind out accurately the value of z]f"  
using simple compounds like ZnS. This can then  be 
used to test  the conclusions of wave-mechanical  theory, 
for example  to see whether  there is any  dependence of 
zJf" on (sin 0/2). 

(ii) Secondly, i t  is necessary to f ind out whether  
the values of A f "  so obtained can be directly carried 
over to more complicated structures containing a num- 
ber of identical  anomalous scatterers in the uni t  cell. 


