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I. Deterinination of the  Absolute Configuration of Crystals 
using Anomalous Scattering Techniques 

A. TIIE A n s o ~ u ~ I c  CONFIOURATION O F  A MOLECULE 
AND ITS S I G N ~ C ~ C E  

T l  n-as i l l  IS74 that uan't Hoff m d  le Be1 put forward the theory of the 
!ctr:iliu(lml carbon atom; If four different groups of atonls W, X, Y and 
% an,. at,t.arlred to tile carbon atom C, the tetrahedral molecule C 
(\V, S, P, Z) can exist in two forms shown in Fig. 1 and the carboloon 
n 1 on1 is said to 11e an asjmmetric centre. These t>vo non-superposable 
~ ~ i ~ n ~ ~ l . i i ~ t ~ i o r l ~ l ~ o ~ ~ ~  hrrus are called opt,ical isomors. Both arc optically 
nrlivc? onc bcitig dextro-rotatory while the other is laevo-rotatory. 
F m ~ n  t,llo point of view of optical theory it is of interest to know which 
clE tiro t w  spatial arrangements is dextro- and which is laevo-rotatory. 
It is indeed a sad commentary on our present knowledge of optical 
pl~r~iolncna that,, given the exact spatial arrangement or the absolute 
coilfigl~ration of a molecule, it is not possible to compute vith certainty 
tlrr sign of its optical rotation (see Beurslreas-Kerssbn et al., 1963). 

il'lic tlotcrwination of the absolute configuration is of sigllificance 
I~rmmisc of t,he vital role optical isomerism plays in life's processes. To 
quote the simplest example, while dextro-rotatory glucose is almost 
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instantaneously absorbed by the human system, the laevo form is 
rejected by it. The synthetic-drug chemist must lmovv the absolute 
configuration of the isomer of the compound which is pl~ysiologically \ 
active so that he may attempt at  a specific synthesis of this particular 
form. The problem of how certain enzymes achieve specific synthesis 
of certain optical isomers, and also the morc general questions of the 
biogenesis of optically active compounds in and animals, are 
basic problems to the organic chemist and the biocllemiut. 

The classical work of Werner has extended tho concept of optical 
isomerism to inorganic complexes and there can be no doubt that the 
determination of absolute configuration of optically active Werner 

Fro. 1. Opticd isomerism due to the tetrahedral oorbon atom. 

oomplcxes would extend the fiontiers of inorganic synthesis. The 
determination of the ahsolute configuration of substances which are 
optically active only in the crystalline state is a necessary step before 
one really understands either the phenomenon of optical activity or the 
crystalline state. 

After this brief statement of the sigi~ificancc of tllc absolute con- 
figuration of a molecule to physics and chemistry i t  may be of some 
gratification to the X-ray crystallographer to know that the only effec- 
tive method by which it may be establisliccl nnambiguously is that 
proposed by Bijvoet (1949), of using anomalous scattering of X-rays. 

1. Normal scattering 
If two structures A and B are enantiomorphous and if 

structure A E (x,, yj,z,) (j = 1. . .AJ) (la) 
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t,l1cn 
structure B = (Zj, gj, ij) (j = 1.  . . N )  (lb) 

If for simplicity wo assume that the two structures belong to space 
group PI, tllcir structure factors are given by 

N 
I",(hltl) = 2 fj  exp iaj = lF(hk1)j exp ia 

5=1 
(2s) 

N 
FB(7blcl) = 2 fj  exp -;a, = [J(hkE)l exp -iu 

. j=l 
(2b) 

For the invcrsc reflections Zki the respective structure faetors are 
N 

F,,(Jhi) = 2 fi cxp -iaj = IP(hkl)l exp -ia 
j=1 

( 3 ~ )  

N 
FH(llki) = 2 f, exp iu, = IF(hlcl)j exp ia 

j=l 
(3b) 

EIcnce for tho normal scattering of X-rays 

[~,(hkl)[ = j~,(hkl)l = ( ~ ~ ( f i k i ) j  = ( ~ ~ ( f i ~ ) l  (4%) 
a,(l~kl) =- a,(hkl) =- aA(fikl) = u,(fiki) (4b) 

alld 
I*(~~cz) = ~ ~ ( & k i )  = ~,(hkl) = ~, (&ki)  (44 

It must hc notcd that in a non-centrosymmetric crystal the sequence 
of atoms which tho X-ray beam encounters from the side hkl is opposite 
to and thcrrforc different from that met by i t  when incident from the 
side i%i. Even so, a,ccoxding to  (4c), from the measurement of the 
intclisitics of vnl.ious reflcctions from a crystal it would be impossible 
to  ~letcminc ~vl~ich  of the two enantiomorph (A or B) is the correct 
structure. Tile ecluslit? given in (4c) is l m o m  as Friedel's law. 

2. Anomalot~s dispersion effects 
Tiic impasse of not bcing able to distinguish the optical or electrical 
~ntiporirn by X-ray muthocls ivas broken whon Coster et al. (1030) 
discovcrcd that Fsiedcl's law mas violated when the structure contained 
at  least two sets of atoms, one of which soatters the incident X-rays 
nnornalo~~sly. Whcn tho wavelength of the incident X-ray beam is 
closc to the absorption edge of a scattering atom, the atomic scattering 
factor bccoincs a complex number expressible as 

f =So+Af'+iAf" ( 5 )  
xvherc fo is tho nor~nal scattering factor for wavelengtl~s very far from 
the absorpt,ion edge, and Af' and Af" are the correction terms which 
arise clue to dislscrsion effects. The quantity Aft  is usually negative 
and Af ", tllc imaginary part, is always ahead of the real part (fo + Af ') 



by 7112. Further, Af" = 0 for v, < v ,,,, ,,,.. Figure 2 gives qualita- 
tively the variation of Af' and Af" with the position of the incident 
frequency with respect to an absorption edge. The two correction 
factors Af' and Af" may be considered to be independent of the 
scattering angle as the electrons responsible for these effects are 
confined to a very small volume near the nucleus. (Hoxve\~er, see 
Hnnter, 1958, 1959 a, b; Batterman, 1962.) 

, Fm. 2. Anomalous dispersion effects near a K absorption odgo. v ,  iu tho inciclant 
froquenoy and v, the frequency of the K edge. A f "# 0 only whelk v ,  > v ~ .  gx is 
the oscillator strength of the K electrons (HGnl, 1153). 

The quantity Af" is scattered 7r/2 ahead of the phase of tlic red part 
( f a  + Af ') and this advance in phase is indel3endent of the dircctiui~ of 
incidence of the X-ray beam and of the position of atoms iu tlic 
structure. In coisequence, if the sttrnct~xre oonl:~ins onc sub of ; i l ~ l ~ i ~ s  

(R) vvlGch scatters the incident X-rays normally and imotller sc t  (A) 
which scatters it  anomalously, the amplitndes and pilases ~ l l i u h  arise 
due to fn, f,,, A f i  and A f i  for the two reflections hlcl and ELI arc 
respectively 

IF,(,an; lFaol, a,; IAF'(,  a,; IF], crA+7r/2 

Lkl , a ;  I % , / ,  -aA; IAF'I, -a,; jP#l, -a2,++/2 

Tlus asymmetry in the phase of scattering causes tho resultant 
structure ainplitudes to be different in the two cases (see Wg. 3(e)), so 
that 
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jF(h1cE)I # lF(llki)l 
I(kk1) + I(6ici) 

and 
(6) 

U(TLLI) f; - =(,?hi) 
It must he notcd tliat Priedcl's law breaks down only if anomalous 

sosttrring wit11 phase change exists (Af" # 0). It does not break down 
xr.11cn tlicre is a~~omalous scattering without phase change (Af' f 0 
and Af" = 0). IChis is illustrated in Pig. 3. 

In tho case of ZnS using AuLa(1.2738A) to excite the Zn atom 

la1 (b) (=I  
lira. 3. 'Cltc slrui:t.t~ro omplitude of i~kL(\Pl) and hkl(B) under normal rand a~~omnlous 

sr:bt,tarinp. (o)  ilf ' = 0, A j "  = 0; (b )  d f '  # 0; A f "  = 0;  ( c )  A f '  # 0, A f X  # 0. 
TLL.I.P nro tivo so1.s of atoms in t h o  stl.ucturo, R (normal scatterers) andA (anomalous 
acnt*cr?rs). Fricdol's law bredrs down only when A f "  # 0. 

( A ,  ,,,. = 1.25058) Coster, Knol and Prins demonstrated the unequal 
jntensitics of tllc 111 and iii reflections. Although these workers had, 
i11 effect, dctcctcd the asymmetry of the sequence of atoms for the two 
planes (111) and (iii) in ZnS, its deeper implication to molecular 
structure was not appreciated till Bijvoet (1949) and his co-workers 
(Veerdeman d al., 1051) used tKis technique for the determination of 
the absolute configuration of sodium rubidium tartrate whose structure 
had a;lrcady boon determined. Using ZrICa ( A  = 0.786&, they observed 
significant differences between hkl and Lici reflections. Enowing the 
atomic eo-ordinates, the amplitudes jP(hkl)( and jF(Lki)l to be expected 
for the two enantiomorphs were calculated. Experimentally it was 
determined whether I(hk1) was greater or less than I(5kt). A comparison 



of the experimentally obsei-ved inequality with the computed one 
permitted t11e absolute colfig~wation to be determined uniquely. 

In view of this pioneering work of Bijvoet, we shall call a Bijvoet pair 
a pair of reflections whose intensities are equal if Af 'L 0 but bccome 
unequal when Af" # 0. 

3. The proper choice of the incident radiation and the optimum 
conditions 

Peterson (1955) and Templeton (1955) pointed out that even if the 
incident wavelength is on the longer side of the I< absorl~tion edge i t  
may h a ~ e  sufficient ener ,~  to excite the L or even the IU electrons. 

Fra. The variation of Af' and Af * with atomic numker for M o l < ~ ,  CdCe 
(after Dauben and Templaton, 1056). 

This results in sigkficant anomalous scattering wit11 phase chsngo even 
at wavelengths far removed from tLe X absorption edge. Usillg the 
method of Pamatt and Hempstead (1954) tho values of Af' and Af" 
for the atoms wit11 Z = 20 to  96 have been computed by Dsuben and 
Templeton (1955) for t l ~ e  three wavelengths CrKa, CuKa and BXoXa. 
These results are shown in Fig. 4 and it is apparent from i t  that 
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commol~ly nvai1:~blc wavelengths may be used for the determination 
of tho absolute coufiguration provided proper anomalous soatterers are 
prcsent in the structure. 

Since the success of the Bijvoet technique depends ondetecting small 
differences in the intensity between I(hk1) and I(liki), Af" for the' 
anomalous seatterer must be as large as possible. Table I gives the 
range of atoms which may act as  anomalous scatterers for the three 
comn~only available radiations. Okaya and Pepinsky (1961). have given 
a list of useful radiations for various anomalous scatterers. 

TABLE I 

Rauge of convenient anomalous scatterers for CrKa, CuXa and MoKa 

Target Radiation Range of a t o m  with Af"> 2 

Cr (24) KcRal 2.290A A@ (33)-Ba (66) 
Ka, 2.293A 

Cu (29) IG, 1,540A Sr (38)-Dy (60) 
Iia, 1.544A 

Mo (42) IGz, 0.709B Sb (61)-Rn (86) 
Ka, 0.7138 

Since Af" is practically igdependent of  the angle of scattering, the 
a~~omalolous scattering effec& .are more prominent a t  comparatively 
In.~gcr anglcs. In fact these are sometimes so large that the differences 
in the intensity of the h7cl and llki reflections may be easily detected by 
direct inspection of Weissenberg photographs. When Af" is small, 
Geigcr counter teclmiques are necessary. 

Even if a proper radiation is chosen, some pairs of 'reflections &ill 
exhibit intensity differences more prominently than others. Figure' 5 

((11 (b) 

Flu. 6. The difference in the amplitudes of a Bijvoet pair (131 - ]Pi) is (a) mc+xirimum 
and equal to 2F"A when a, = a, 4 2  &nd (b) is zero when as = o, or ma + n. 
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shows the conditions under which the intensity difference is a maximum 
(Fig. 5(a)) or a minimum (Fig. 5(b)). It is also obvious that if a structure 
contains only one set of atoms it would not be possible to determine the 
absolute configuration. 

C. UNIQUE INDE~INQ OF X-RAY REELECTIONS 
The correct indexing. of X-ray reflections is extremely important for 
the determination of the absolute confipration by the Bijvoet method. 
Since the formulae for the structure amplitudes for any space gronp are 
given for a right-handed system of coordinates in the:I~~tej-nntimal 
Tables for X-ray Crgslallography (1952), great care mustbc exercised in 
choosing a proper right-handed. system of coordii~ates wllile indexing 
X-ray reflections. 

Any error in this proce&e would obviouslf give a prong absolute 
configuration. 
- When a Geiger counter difiactometer is used the unique indexing is 
quite easy. A right-handed system is assumed and tho ailgularscttings 
a t  which any plane hkl andits  inverse 5% reflect are computccl. Tlle 
settings are made so that the resected X-ray beams enter the covnter. 
The intensities are then directly compared. The indexing of a pre- 
cession photograph on a right-handed system is also comp~ratively 
simple as a precession photograph is an undistorted record of the , 

reciprocal lattice. While indexing higher layers, however, care must bc 
taken to note whether the section made is on the positive or on the 
negative axis. 

. The unique indexing in the case of Weissenberg eqni-inclination 
photographs is slightly more iomplex, but it can be done without any 
reference whatsoever to the crystal or to its morphological ohrateris-  
tics (Peerdeman and Bijvoet, 1956; Vaidya and Ramaseshan, 1063). 
Figure 6(a) shows the arrangement ia a right-handed camera lilic the 
Unicam single crystal gonipmeter S-35 .where the clockxvise rotation of 
the graduated dnun head-causes the Elm cassette to move alo~iy tlic 
direction of advance of a right-handed screw. The original position of 
the Elm in the cassette has also to be known and this is achieved by 
adopting the convention of cutting the top right-hand corner of the 
film (in relation to the experimenter standing on the side of the camc'ra 
away from the X-ray tube): The position of the snip on the film when 
inside the cassette and outside is shown in Fig. 6 .  

Now imagine a right-handed system of coorclinates (Pig. 6(b)) to be 
superposed on the crystal with the c axis coinciding with the axis of 
rotation. By imagining the reflecting sphere of the E~vald construction, 
it is seen that in a right-handed camera the axial rows will record them- 
selves iu the cyclic permutation of the sequence hOO, 0k0, LOO, 0kO from 
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right to left on the film (Fig. G(c)). In  the higher layer Weissenberg 
rrl~~i-i~tclination photographs (7zkL) also, the same sequence will be 
obtained. Tho scnse of the rotation of the equi-inclination angle p wiU 
decide ~vl~ether the L or L layer is being photographed with the chosen 
coordinntc axes. The sense of rotation for positive L layers is given in 
.Fig. G(b) for a right-handed camera. 

PIG. 0. (,I) The rliredion of the rotation and the translation of a right-handed Weissen- 
herg cmnera: The dkeotion of the X-ray beam and the position of the out on the 
film nro also fihom. (h) Tho right-handed system of coordinate axes usod for 
iilrlosi~~g. Tho dircction of p for obtaining poaitiva L Ilayors ia slao sl~own. (o) and 
(d) Tho soquaitre of  axial reflections as recorded on a film with a 2ight.hande.d 
vatern of coordinates using (o) a right-handad camera m d  (d) a loit-handed 
cnrnorn. Tllo actual cms illustrated is for an orthorho~nhic crystal  including all the 
axial revs ior a rotation of 36W. 

Once tho above cyclic sequence of axial rows has heen chosen on the 
photograph, one has automatically k e d  a right-handed system of 
coordinates for indexing. This is true whatever be the symmetry of the 
crystal and it  holds for both zero and higher level Weissenberg equi- 
inclination photograph. 

As an illustration, the indexing in the case of a monoclinic crystal 



fie. 7. (a) Zero higher layer equi-inclination Weissenberg photogrnpll of a. marloclinic 
- crystal mounted along a. unique sxis (c-auk). (b) The highel. layer pbotugmaph of a 

monoclinio erystd about the non-unique axis a. (c )  The higher layer photo&raph of 
a triclinic crystal mounted about the a-axis. 

(point group 2) may be considered. If the crystal is mounted wit11 its 
unique axis (c) parallel to the axis of rotation the zero layer and higher 
layer Weissenberg equi-inclination photographs appear as in Fig. 7(a). 
If the axial rows are indexed as shown, one has chosen a right-handed 
system of coordinates. Unfortunately for this point group and the 
unique axis mounting there are no Bijvoet pairs in any equi-inclination 
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photograph. If the absolute configuration is to be determined using the 
con+entional Weissenberg photography, the crystal has to be mounted' 
about one of its non-unique axes (a axis, say). With such a moUnting 
the Olcl roflcctions record themselves inthe zero lkyer, the OkO and 001 
rows appearing as straight lines, displaced 90' from each other. In this 
photograph, while b* and o* values may be measured, y* cannot be 
determined. If one decides to, ignore the convention of having y* 
alclwys acute, a sequence OkO, 001, 0k0, 001 may be selected from right 
to left on the photograph which immediately fixes a right-handed 
syste~u of coordinates, for indexing. On the assumed choice of axes, 
y:* mny cithcr be acute or obtuse and may be determined by the offset 
metl~od from higher layer Weissenberg equi-inclination photographs 
(Buorgn:, 1942a). 

If, on the other hand, one wishes twstick to the convention of choosing 
y* to be acute, then zero layer and higher layer Weissenberg equi- 
inclination photographs are recorded (the sense of p to correspond to 
. Ln the higher layer equi-inclination photographs the HkO 
reflections record on a straight line while the HOZ reflections fill on a 
fcstoon. Thc distance of the lowest point on the festoon from the . 

, . 
c:ntral line allows us to compute y* (Buerger, 1942a, p. 371, eq. 13). 
I t  is quite casy to locate the lowest point of the axial festoon in the case 
of a n~onoclinic crystal, as it is the intersection of the HkO straight line 
with the IT01 festoon. (This, however, is not so in the triclinic ease.) 
Tho angular lag method which gives a more precise value of y* may 
also be uscd (Buergcr, 1042a, p. 380, eq. 18). If the angle determined 
from one of tho minimum points of the 8 0 1  festoon is acute, then k is 
positive for the part of the HlcO line on which this &nimum point lies. 
If tbe angle is obtuse then k is negative for this line. With +k  thus 
cho.sen, the proper cyclic sequence of axial rows from right to left 
mentioned earlier fixes a right-handed system of coordinates. For 
dctails of indesing a triclinic crystal, reference may be made to the 
paper by Vaidya and Ra.maseshan (1963). 

D. THE BIJVOET P m s  
Due to the elements of symmetrypossessed by a crystal there may be 
reflections other than hkl and liki which may also be compared for the 
determination of t.he absolute configuration. As mentioned earlier, two 
reflections which are of equal intensity under normal scattering and 
which become unequal when anomalous scattering is present may he 
calleda Bijvoet pair. Intensities of Bijvoet pairs must be compared to 
determine the absolute configuration. The equivalence of reflections . 
from a crystal where normal scattering takes place is governed by the 
symmct'ry elements of its Laue group. On the other hand, the equiva- 



lent reflections of the same crystal when anomalous scattering is 
present is obtained by the symmetry elemel~ts of its point grolzp. For 
a crystal belonging to any point group it is easy to work out the 
Bijvoet pairs using the elements of symmetry of its point group and its 
Laue group. Conversely, the poiut group of m y  crystal may be 
uuambiyously determined, if one uses anomalous scattering techniques 
(see Ramachandran and Parthasarathy, 1963). 

We shall, as an illustration, work out the Bijvoet pairs for tlre space 
group P2,2,2,. For normal scattering, the X-ray reflectious exhibit tho 
Laue group symmetry of mmm; for anomalous scattcril~g (with phaso 

(ml L bl 

Fro. 8. Storoograpbic projection far tho point group 22% and Luoa group +>L,,L,~L. 

Equivalent reileetiolis mhen anomaloms scattering is prevent are shown by ean- 
tinuaus lines in (a). The extra-equivalent refloctians duo to tho il~brodl~ctiotl of i r  
spurious centre of symmetry due ta normal scattering l~ro  shown by dottail litics in 
(h). Every reflection represented by continuous lines forms n 13ijoooL pair wit11 
every one represented by dotted lines. 

change) the reflections display the point group symmetry 222. Figure 
8(a) shows the equivalent reflections for anomalous scattering (222) aud 
Fig. 8(b) the equivalent reflections under nornral sci~tt'c1~i1~g ( , i i ~ ~ ~ z / i i ) .  

The extra reflections that are made equivalent due to the spurious 
centre of inversion are marked by dotted lines. It is obvions that ally 
reflection marked by fall lines forms a Bijvoet pair with any one marlcell 
by dotted luies. 

For the point group 222, 

- [lF(hkl)l = lF(hkl)l = jF(hlc€)( = IP(fLL1)ll 
#[jP(flkl)j = jF(hk1)l = jF(h7ci)j = jF(hki)J] 

and 
a(hkl) f [-a(Kkt) =- a ( f L ~ ~ )  =- a(hil) =- a(,Al;~)l 
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Analytically, the phase relations that may exist amongst the reflec- 
tions that are equivalent to one another under normal scattering will 
bc of tllo following types. 

Group I Group I1 

(a) a = p (e) a = r / 2 - j 3  
~ = ~ / 2 + p  If) a = m - p  

(c) a = m + 8  (g) a = 3m/Z - -- 
(d)  or = 37112 + p (h) a =- j3  

Even when a~~omalous scattering is present, reflections in Group I have 
cqual intensity. The reflections in Group I1 are also of equal intensity 
but the iutensit,y of those in Gronp TI is different from those in Group I. 
Hc~~co  any reflection in Group I forms a Bijvoet pair with any in 
Group 11. Thc conditions under-which a Bijvoet pair may be accident- 
ally of equal intensity has been worked out (Fig. 5(b)). 

E. SOXE PROBLEMS w THE PHOTOGR~P~Y OR BIJVOET PAIRS 
JIrilcu det,crminillg the absolnte configupation by comparing the 
intcusibics of a Bijvoet pair, i t  is essential that the specimen be ground. 
into a cylindrical or spherical shape so that the absorption corrections 
for the two rcflcctions are the same. A second precaution is to avoid, 
as far as possible, comparing reflections which have been recorded on 
diffcrcnt sides of the central line in a Weissenberg equi-inclination 
l~hotograpli. Such reflections undergo varying degrees of contraction 
mid elongation and are thus not suitable for comparison if the intensity 
is mensnrcd visually. However, if an integrating Weissenberg Camera 
is nacd t.his diirictilty docs not arise. 

For crystals belonging to the monoclinic, tetragonal and hexagonal 
classes, there are no Bijvoet pairs in Weissenberg equi-inclination 
photographs of any layer taken about the unique axis. The reflections 
to bc compnscd are of the form hlcl and hki (c axis unique). These reflec- 
tions may easily be obtained on one film if the crystal is mounted about 
a non-uniqnc axis. Howcver, crystals belonging to these classes have 
a tendency to form needles along the unique axes. Often it is found that 
it is exceedingly difficult to cut a 'crystal along a required non-unique 
axis and grind it into a cylindrical shape. This problem becomes very 
inrrcl~ more pronounced when, one is studying a crystal a t  low tem- 
peratures of a substance whichis normally aliquid at room temperature. 
In low temperature Weissenberg cameras using the Fankuchen- 
Lipscomb type of cool'ing the crystal almost invariably groms with a 
particular crystallographic axis coinciding with the axis of the cylin- 
d~ical capillary tube. It is not possible to mount the crystal along any 
othcr axis. 
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To obviate these dificulties, simple double layer screens have been 
devised so that by normal beam Weissenberg photography the reflec- 
tions of the L and E layers may be simultmeously recorded 0x1 the same 
film (Beurskens ICerssen et al., 1963; Vaidya and Ramaseshan, 1963). 
One such is sl~own in Fig. 9. This double layer niethod of recording 
Bijvoet pairs has also the following advantages in the case of crystals 
with 2-, 4- or 6-fold axes. Both the reflections ofthe Bijvoct pair hkl and 
hlit will be elongated or contracted by the same extent. The-reflections 
also occur simultaneously so that any fluctuations in the intensity of 
the incident beam will not matter. In other point groups, or in the 
usual case of equi-inclination' photography where both reflections of a 
Bijvoet pair are not flashed simultaneously, a stabilized X-ray unit 
would be necessary. 

FIG. 9. The double layer screen, in which A and C are conventional screen tubes and B 
is attached to C by metal strips. Stepped rings (if necessary magnetized) fit on to B 
to give a. central acreen tube of variable length. (Vaidya and IZnmnsoslsun, 1063.) 

If a structure has been solved using normal procedures then the mail1 
steps that are to be followed for the absolute coilfiguratioll of the 
molecule to be established are as follows. (a) From the solved structure 
one of the two possible enantiomorphs (equation (1)) is cl~oscn a t  
random. (b) Using a right-handed system of coordin~tcs, the rcflec- 
tions are uniquely indexed so that there is no ambi-pity regarding 
the hkl and fLki reflections. (c) The Bijvoet pairs for the space group 
are compared and in each available pair i t  is determined from expcri- 
ment whether I,(hkl) is greater or less than I,(Lkij (or its equivalent 
reflection). (d) With the atomic parameters of tlie chosen enantio- 
morph, computations are made (either vectorially or trigonometrically) 
to find out whether I,(hkl) is greater or less than I,(ITIKij. (e) The 
observed inequalities are compared with the calculated oncs and, if they 
agree, the assumed enantiomorph is the correct structure. If not, the 
inverse of the assumed structure is the correct absolute configur*ticn. 



1 

ANOMAl;OU8 S(IATTEltIN0 AND STRUCTURE ANALYSIS 81 

We shall illustrate this by an example from the determination of the 
absolute honfigurati6n of echitamine iodide which crystallizes in the 
space group P2,2,2, (Manohar and Ramaseshan, 1961a). I t s  structure 
was solved by the hcavy atom technique (Manohar and Ramaseshan, 
IgGlb, 1DG2) and the atomic parameters were refined to a fair.degree of 
accuracy. Three-dimensional intensity' data were collected from the 
U'eissenbcrg equi-inclination photographs with c as the rotation axis. - 
There are no Bijvoet pairs in the zero layer photogiaph for this space 
group. I11 tile higher layer photograph, the Bijvoet pairs are sym- 
met,ricaIly distril~uted about the hOL and OkL axial rows. Actual 
esamination of the photographs showed many pairs of reflections 
exhibiting significant differences in intensity. E'or example, it mas 
obscrrcd t.llat 

I(324) < I(324) . 

For the space group P2,2,2, for the group of reflections with 

( h + k )  =2n+1 ,  (kf 1) = 2 n  

the expression for the structure factor is 
. . 

B = Ai+iB'  
- where 

A' = 2 fj(-4 sin 2vhxj cos 2&yj sin 2?rlzj) 
and 

B' = 2 fr(4 cos 2nhx, sin 27rky, cos 2n12,) 
I In  this structure the iodine at& scatters C a a  radiation anomalously 

so that f, must be replaced by 

fo+Af'+iAf" 
Thus, for one iodine atom of the asymmetric unit, the structure ampli- 
tude is given by 

- P = (f, + Af ')(-sin 2 ~ h x  cos 2Ay sin 27112) + 
, . + i(fo + Af ')(cos 2711bx sin 2rky cos 27112) - , 

- Af "(cos 271hx sin 2nky cos 27122) + . . 

+ iAf "(- sin 2whx cos2iilcy sin Znlz) 
= A;+iBi-A;+iB; . . . . , 

Knowing the atomic positions of iodine and the s c a t t e h  factors (for 
the reflection 324, Af' =- 1.1, Af" = 7.2) the four t e r n  may be 

; calculated. Similarly the contributions A, and BR due to  the rest of 
the atoms whicL scatter normally, are computed using the same 
formulae (with Aft  = 0 and Af" = 0). The resultant F(324) is obtained 
graphically. Similarly the components A;, B;, $, B;, zR and B, of 
the other reflection of the Bijvoet pair (namely 324) are calculated. 



82 S. RAMASESHAX 

The components of the structure amplitude for the refleotioli 324 and 
324 of echitamine iodide 

hkl A x  B e  A; B: A': B; 3'ca, I,,, 

Inequality 

Calculated Observed 

Tliese values for the reflections 324 and 324 are given in Table 11. Tho 
q~~antities P and F me determined grapllically as in Fig. 10. 01ic filicls 
that 1,(323) > I,(3?,4),  i.e. the computecl result is opposite to tlii~t 
determined experimentally. It follows, therefore, that the correct , 

FIG. 10. Tho voctox. diagram corr~paparing tho etmotur,e arnplilurloa of tlm 13ijvuul pair 
324 and 321 in the e w e  of eohiti~lnirla iodi~le.(C,,H,,O,N,I). (kIunolli~r l u~d Kurn~rso- 
ahm, 1063.) 
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configuration of the echitainine ion does not correspond to that given 
I)y 1 . l ~   coordinate,^ used in the cdculation of the structnre amplitude 
but  it,^ ]nil-ml: image. Although one pair of reflections is renUy sufficient 
to establish the absolute configuration, i t  is better to oompare a larger 
inoii'r~cr of paits so as to avoid mistakes due to any accidental errors in 
the recording of the intensities. 

11. Determination of the Phases of Reflections by 
Anomalous Scattering 

1. T?is t i~ iguish i~~~ atoms of nearly equal atomic numbers 
I"or anomnlous scattering without phase change, A f n  = 0, but Af'  may 
so~nctimcs he as large as 12 or 13 electrons (see Fig. 4). This effect is 
nln~ost i n d ~ p e n d ~ n t  of scattering direction. Since normal scattering 
falls a15-ay rapidly with increasing angles of scattering, the relative 
chnngc rh~e to anomalous scattering increases considerably for large 
scaltcring anglcs. With normal scattering, atoms of nearly equal . 
atomic numbcrs are diFlicult to distinguish. If, however, the effective 
scatt,rriiig power of one of them is reduced by anomalous scattering, i t  
can c:t,sily be identified, the more easily the larger the value of Af':  
This makes auoinalons scattering an effective tool in cryst,al structure 
an:~llynais to clistiuguisl~  nearly equal atoms. 

-~ Ilnrlr n.nd Szillard (1926) k s t  demonstrated this effect strilringly in 
RbBr, wl1ich has a KC1 type of structure. The 111 reflection whose 
st.rnchire nnlplituclc is f,, - f,, is barely recorded for normal scattering 
as f,, fBr arc almost equal. \nilhen SrXa is used, the difference 
bcco~nes appreciable (about two to three electrons) and the 111 and 333 
reflections are quitc clearly recorded. 

The qucst,ion n-ltetl~er Cu(29) and 3!fn(25) in the Heusler alloy 
Cu,nIni\l (I?e,i\l type of st.ructure) have an ordered or disordered 
arrangclncnt among thc crystallographically equivalent Fe positions 
rvas tliificult to rlccicle under normal Xlray scattering, because of the 
sm~l l  crliffcrcnce ill the scattering powers of Ca and Mn. The presence 
of superlattice lines would indicate an ordered structure. But their 
presence is difficult to detect, as their intensity is extremely small, 
dcl~ending on ,fen -f,,. By comparative photometric measurement of 
the polvder photographs of Cu,MnAl with Curia (normal) and FeKa 
(anoinallously scattered by ~ n ;  Af' =- 4.0), Bradley and Rodgers 
(1934) xholved the presence of the superlattice lines, thus establishing 
the ordered arra~tgcment of Cu and &In in Cu , JW.  

In  a similar experiment on 8-brass by Jones and Sykes (1937), using 



ZnICa, which scatters anomalously (Af' =- 4.0), the increased 
difference in f,, and f,, rendered the superlattice lines sufficiently 
intense to be clearly recorded. 

2. Anomalous scattering (without phase change) in determining 
centrosymmetric structures 

(a) Perfect iso~norphism To use a wavelength anomalously scattered 
by one set of atoms i n s  structure is effectively equivalent to su1,stituting 
that set of atoms by another of diEerent scattering power, a t  tlre same 
atomic sites. The situation is equivalent to a pair of perfectly isomor- 
phous structures in normal X-ray scatteriug. All proccclures alq~licable 
to a pair of isomorphous crystalsj for example isomorphous diEcrencc- 
Patterson, etc., would be valid in this case. Though this 11;~tl loug Ixen 
realized (see Lipson and Cochran, 1953, p. 227), this bt7;.as sho\~n to be 
practicable when Ramaseshan et nl. (1957) solvecl the strociirrc of 
IQInO, by anomalous scattering. Tho special features of this technique 
are illustrated by examples from this work. 

The method uses the small observed differences of thc intcrlsiiy of 
reflections under normal and anomalous scattering ancl, as any avoiclal~lc 
inaccuracy will mask or alter the relative differenccs, success clcl~cnd* 
greatly on the follo~viug steps: (1) Choice-of suitable radiations for a 
given cryst,al; (2) obtaining satisfactory Weissenberg photographs; 
(3) proper corrections for geometrical and physical factors and (4) 
reducing intensity data for the different radintions to the saule scale. 

(b) Choice of radiation; scattering factor cuvue It would be most advan- 
tageous to use two radiations for which the anomalously swttol.ing :~i:o~il 
shows .the maximum difference in scattering power. If 111~: rol:ltivcly 
smaller effects due to  the excitation of the L electrons were neglcctcd, 
Af' and Af '' may be read from the curve (Fig. 2), Bt~owing A,,c/,\, .,,, 
for the anomalous scatterer. The best method \roul(~ be to c:.alcul;~te 
the scattering factors bg: the method of Parratt and Ne~upstoad (1954). 

I n  ICMnO,, where CuICa and YelCa were used, tho c.h~llgcs Aj" a i ~ t l  
AJ" for Bh as read from Honl's curve (1933) are given in 'L'ablu ILI. T n  

TABLE 111 
Af' and Aft' of manganese from I-Ionl's (1633) dispersion curve for 

CuKcr and FcKa 

Radiation X</ha .ago A f '  Af"  
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ccnt,rosymmetric structures, the altered scattering factor 'for any 
(sin B ) / X  may be found by simple vector addition of the normal scattering 
factor mitll Af' and Af ", assuming these to be independent of angle of 
sr:atttcuing. Table I V  givcs these values for Mn for CuXa and PeXa. 

T A B L ~  Il' 
Tlic variation of atomic scattering factor of &In for CuXa and Pe Ih  

with (sin 8)/A 

( s i n  O)/h 0.0 0.1 0.2 0.3 0.4 0-5 ' 0.6 
, ~ C , ~ ~ T  24-1 21.5 17.6 14.4 12.2 10.6 9.3 
. l rnrr  20.2 17.9 15.9 10.7 8.5 6.9 5.6 

?'III. rapid incrcosc in the rat,io of the scattering factors for the two 
~n~lialions with 8, even for small values of (sin B)/A explains why this 
tcch~iiqnc is practicable even withphotographic method of intensity 
u1cas11rcmcnt. 

( c )  ilbsorplion correclio~t A reflection hkl from the crystal occurs in 
r1ilTcrcnt clircct;ions for the two radiations. I n  a crystal of irregular 
s11nl1c this ~vouid mean that different paths are traversed inside the 
cqst,nl. lF!'uvt.hcr, the t-xo radiations are absorbed differently by the 
s Any error in the absorption correction would lead to large 
crrors in ilitcnsit-. 

I t  3:n.s li~nilcl inost satisfactory to use inea r ly  perfect cylindrical 
rr:;sl:sl of I<NIIO, and apply al~sorption corrections for cylindrical 
S[~~!<~lltlCJlS. 

(11) 7'1iiorcsce?1t rnrlinfion n?i,cZ estimafion of intensity If fluorescence is 
~ ~ r y m ~ t ~ ,  a,s ill JiMnO, wit41 CuIia radiation, and the photographic 
l t i f ; t i ~ ~ ~ i l  is  U R S , ~ .  tlic first iihn in t>hc staclr serves as a very efficient. filter 
:iiirl jtitc:i~sit.y mc:rsr~scin~nt may be made with the rest of the films in 
ilic sl.;i.ck. Ono mnst also bear in mind the variation of the film-to-film 
itrt,cnsit,g rat>io, clcpendiag on the wavelength used. 

(c)  Sc'cnlr! lacfor  As the mctl~od depends on differences, i t  is important 
to ~.ccli~cc the iittc~wity data mith the two radiations to the same relative 
scale. I f  not i t  mill lcocl, for esample; in an " anomalous difference- 
l'attcrson " (sce below) to unwanted ba01;~round and spufious peaks. 
rl modified form of m7i1son7s method leads to the follouing expression 
for the relative scale factor G between the two data: 



FIG. 11. (a) The b-axis anomalous difierenee Patterson projoctian OF I i&InO, with 
(IPcuaajz - i3'Fsxa12)nar ns coefficients. (b) Tho b-axis ioniorl>l~ouil dif1~:rcncu- 
Patterson with(/P,,., ,la - I&o,oAla )no ,  as coefficients. (lti~~nilaualmn el  01.. 1U67.) 

As usual, the averages (I) are taken over narrow ranges of (sill B)/h 
to allow for the variation of scattering factors and thermal correction 
with (sin @)/A.  The precedure proved quite satisfactory in the structure 
analysis of KiVInO,. 
(f) A n o m l o u s  difference-Patterson When intensity data of two iso- 
morpllous crystals X and Yare available for a waveler~gth A, a l'i~ttelsorl 

1 
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synthesis mil11 ( P i  - F;),,,, as coefficients is the isomorphous difference, 
I':~tterson (I.D.P.) (Euerger, 1942b). (In the case of anomalous scatter- 
ing the analogue of thc I.D.P. is thc (F: - F:*) synthesis which may be 
called tho anomalous difference-Patterson (A.D.P.) synthesis.) The 
cocfficici~ts of this syllthesis are the differences for each reflection hkl of . 
the inlcnsities for X (normally scattered by all atoms of a structure) and 
A, (anomalously scattored by the atoms A, and normally scattered by 
l,lic rest of the structure). The A.D.P. a 1  consist of peaks involving 
atoms wvl~ose scattering powers are altered in anomalous scattering, 
i.c. (a) i l~ ter~et io~ls  among the a~lomalously scattering atoms themselves 
ant1 (11) interactions bet~veen the anomalously scattering atoms and the 
nwmnl scattcrcrs. Tho peaks corresponding to interactions between 
11i11.ui:ii se;~iterers cuucnl out in the A.D.P. provided the scaling is 
jxqxr.  Thc striking similarity between the -1.D.P. synthesized mith 
(Y;inqno, - F$ ,,,, ),,I nsing CLllia radiation and the A.D.P. with 
(.Fg,,<, - Z'~,,,),o, for IZMnO, (Fig. l l (a) ,  (b)) shows that this tech- 
liiqnc can be successf~~lly used. 

( g )  Drler~~ai?antion of the position of the anomalous scatterer A Harker . 
scction of the A.D.P. m y  be used to  fix the position of the excited 
almns, as this will contain, except for accidental peaks, only the 
iliicmctions between symmetry equivalent anomalous scatterers. 

. 12. Tito O-axis I'nt,terson projsction made with ([Po,,l - (Fp,,,IX,, as coefficients 
to ol~lain tho position of tho nnomnlously scattering artom in ImLnO,. (Ramaseshon 
et "Z., lW7.) 



A Patterson synthesis with ( I&[-  lFAA1),2,, as coefficients will, 
ho~r.evcr, be more direct. Now 

and involves only the anomalously scattering atoms A.  Since for inost 
reflections (IFAl - IFAAI) = FA - FAA, the (IF,] - ]FAAi)' P~tterson is 
expected to contain only the iilteractioils between the anom:~lous 
scatters. 

The ( 1  1 - 1 1 )  synthesis for KiIlIiO, (Pig 12) sllows 
promiilently only the &lI1-%In interaction, as expected. 

I .  13. The structure of KhInO, derived from the anomnlour: diEeronco-Puilerso~t by 
Buergor's minimum function ruetllod. 

( h )  Vector sh$t metl~otls If the peaks between t l ~ u  auomaluils iiu;iL,tcl,t:rs 
are thus found i t  is an easy step to recover the s t r~~cturc  Ily, say, 
Buerger's minimum functioil method. Figure 13 shows t l~o  S ~ ~ L I G L I L I . C  
recovered in this way by two tra~~slations of tlle A.D.P. of liNn0,. 

(i) Direct determination of signs From the equation 

{ ( & - F A )  - (&FAA)} = 2 (fi 00s 27dh.ca + l:gA f lzA),  
A 

since all the quantities on the right-hand side are lniow~i, it is easy to 
calculate the signs. Over 50% of the signs of ihe strncture amplitudes 
in KnPnO, could be so calculated. 
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3. Anoxnalous scattering without phase change in non-centro- 
symmetric structures . . 

(a) Sinyllc niton~.alo~~s scrrtterer and two incident  zoavelengths The tech- 
11iq11r: ~f:~nomalol~s rdisl~crsion ~vithout phase change may also be applied 
to  noti-centrosymmetric structures (Pepinsky and Okaya, 1056; 
R~~nn.scs l~a~i  and Vcnliatesan, 1057). As this corresponds in effect to 
isomorpllons ~epl~ccment ,  a,Il tho procedures developed in connection 
1vil.11 isomorphous crystals may be applied here. For example, let a 
st.r~lc~u~re (Ril)  contain two sets of atoms R and 8, A denoting one set 

X 

I 

Fro. !.<. All 1.111> rbl.oina in tho structura scatter normally and one set of atoms (A) 
rli.lx~iln~lcil crnlros~~nrncLricxIly scntt,cr A, anomnlonslv without phaw chango. 
3'1 o ~ d  I>',I~ nrr  fl ,t .  sLrt~ctn~.o ismplitu<le-3 of a refleetion hk1. OA is the differonce in 
1.110 scnl.lorit>g F ~ I P ~ o I . ~  o f d  for h and A,. Tho figure shom the Harkor construction 
r . i ~ i n ~  bl~o t i in possible p1rnso anglcs (LP,OX and L P,OX) for the reflection FA. 

of at.oms which scattcr the radiation A, anomalously %ithout phase 
change, nnd I2 tlic rest of the structure. If intensity data are obtained 
 rill^ A ,  a.nil :'Is0 with h (which is scattered normally by both R and A),  
the situation is similar to the single isomorphous replacement met,hod 
(Bokhovcn et al., 10.51). If  the anomalously scattering atoms occupy 
cc~itres of symmetry, i.c. a, = 0, the method of arriving a t  the phases 
of each rcflectio~i by .  geometrical construction is s h o m  in Fig. 14. 
Thcrc is ail anibiguity in the sign of .the phase angle. Xollowing 
Dijvocb, one n1n.y perform a syntiiesis using both the phase angles, 
which results ill a Fourier map wit11 a spurious centre of symmetv. 



This map may be interpreted on the basis of knowledge of the 
chemistry or stereo-chemistry of the molecule linclcr investigation. 

Even if the anomaIous scatterers do not occupy centres of syinmet,ry, 
i.e. a* f 0, the above procedure can be used (Ramachandran and 
Raman, 1959; Blow and Crick, 1959; Blow and Rossmanl~, 1901; 
Ramachandran and Ayyar, 1963). In this two-phased Fourier 
synthesis, the " true " components add up coherently to give peaks a t  
the atomic sites, while the " error " &omponerits givo mcrcly a bacli- . 
ground. The pi,-synthesis of Ramaohandran is in effect similar to 
this and is expounded in detail in an article by l1bi1 in this bolnmc. 

(b) Uniyue solution Two different groups of a~~omaloas scot,tcrcrs and 
three radiations. 

Let a structure RAE contain two different sets of nto~ns ;I aiid 

Fro. 15. The crystal consists of tllree sets of n t o m  R, A nircl 11. i\, ouil .A,, ili.,, c ; i l  l t . ~ . ~ , I  

anomalously without phitss change hy d ancl B whilo ,! iri scntturud I I U L I I I I I I I ~  by 
all atoms. Fiyre shows how a unique solution of tho phosii is obtiiiriuil. 

B which scatter 1, and A, anomalously without pl~sse cl~ange. If 
intensity data are obtained for X (which is scattered non~la!lp by 
all the atoms), hA and A,, then the phase of each reflection may be 
uniquely determined provided the positions of A alld B art: la~o\vil 
(Fig. 15). This corresponds to double isomorphous replacement (I-Inrlcor, 
1956). The positions of anomalous scatterers may be dctcrn~ined 
by making the [IF,RABI - IF?f1l2 and [lFfA"l -jlil~i;5/]Y syl~thesc~. 
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1. Determination of phase angles 
Ucsirlcs its use in determining absolute configuration, Bijvoet and his 
collaborators sl~o~ved also how the difference IF,,,la - IFif i /Z,  which is 

. . not eqnal t o  ocro when anomalous scattering occurs with phase change 
,; (i.c. Af"  i 0): may he used to determine phase angles of X-ray reflec- 

tions fsoin non-ccnt~sosyminctric crystals. A similar method was 
]yoposr:d Sly E,an~ncha,ndran aild Raman (196G). 

a .  1 .  Uotonnit~nt,inn of ( , l ~ r y  pllnso of scnltaring when thore is anomalous seattoring 
mith phase change. 

If A rrprcsents one cquivalent set of anomalous scatterers that 
scatter X a~lom,zlously mith phase changc, and R the rest of the structure 
scat,tcr.ing nounally, tlic structure amplitudes of any reflection hkl and 
Llzi (see Fig. 16) are 

F = F ( l ~ k 1 )  = 2 fR exp 27ii(1cxB + Icy ,  + 12,) + 
R + 2 (fa0 + Af')  exp 27ii(hxA + k?/A + l2A) + 

A +- i 2 Af" exp 2mi(hxA + IcyA + Zz,) 
A 
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= 3, exp ia, + FA exp iaA $ iF; exp ia, 
71 

= IFR exp iaR + FA exp $41) + 3; exp i (5 + aA) 

=F1exp ia+F;exp i  

F = F(h&I) = F' exp - ia + 3'; exp i ; - a ,  (l j 
If 0 is the angle between P' and F i ,  the angle bctrveen the corres- ' 

ponding vectors for P is 160 - 8. From @OBC and @013'C' 
jF(2 = IF'(' $- (F;lZ$. 2 / F ' (  ( k q  cos 0 

jE'l2 = iF '12+ IF';l2 - 2iP'i 1Jl';I co. 
and 

IF(" IjE'l" 
cos a = 4F'I  IF:^ 

7r 
From the figure i t  is casily seen tlmt a, tlic pl~ssc id ips,  i,i z,, -1- , j': 9. 

If the positions of the anom?lons scattcrers %re 1ili0\~11, tllel~ uzl, jP2i 
can be computed and hence R may ire obtaincdfioln tlic above cquatiol~. 

When the anomalons scatterers are centrosyllllnetricslly arranged 
anlollg themselves in a non-centrosymmetric structure a ,  = 0 or rr and 
a = a o r ~ - a .  

2. The resolution of the ambiguity 
(a) "Heavzj atom " methocl; experimental illuslrutio?~ Wllcil tllc anorna- 
lous scatterer is " relatively heavy " in comparison with tlio rcst of thc 
structure, the ambiguity in the phase angle may be rcsolvcrl Ly choosing 
that phase angle which is closer to the phase of the anolnalous swlierer. 
I11 the structure of ephedriue hycli~ocllloridr: (I'lililil'::, 135 i ) ,  i;;:i;~:i,.:li:ii~- 

&an and Raman (1056) verified this hypotllesis by sliowi~ig tlrtbi ill 
over 75% of reflections, the correct phase angle was the one doscr to 
the phase of the ailomalous scatterer. This metllod was first ;~pplierl 
for solving the structure of lysioo hydrochlorid(? by llsman(1059). 

However, the solutioll of the strooture of the cotnpound "factor Via" 
(C,,H,,OSNl,Co, 11 H,O), recently by Dale, Eodgliin and T~enl~atcsau 
(1963) is perhaps the most striking proof of the powcr of the arlomalous 
scattering technique. The intensity data were collected ouly by photo- 
graphic methods, using C u f i  which is scattered anonl.zlously by cobalt 
with Af' =- 2.2. and Af," = 3.0. The dispersion effects were very 
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marlrcdj. and t,hc brcalidown of Friedel's law was apparent even visually. 
T h e  tccliniqnr. of a.nomalous scattering ~vith phase change enabled those 
authors to caiculate from tho intensities of Bijvoet pairs the phases of 
1904 ont of ~iearly 4000 observed rcfleetions. The anomalous scatterers 
Co in this compound were centrosymmetrically disposed so that - 
a, = 0. Where the reflections of a pair appeared on opposite sides of 
the centre liue in Weissenberg photographs correction for extension 
n ~ ~ r l  coni.rmctio11 of spots >>-as also necessary. Instead of Phillips's (1.056) 
correction, the authors vere content to correct for this by the equations 

I,,", = Ie(l  + 7c cos 8)  

I,,", = 1,(1 - lc cos 0) 
~i-lierc i.11~ s i~bscr i~~ts  e aud c stand for extendcd and contracted spots 
scspcct,ivclg, and 0 is the Rragg angle. This correction presumably was 
acIcciu&tr. 

Since thc tclnpcr&tnrc factor affects t l ~ e  observed structure ampli- 
tudcs, must bo ~n~~lt ipl ied by a suitable temperature factor, which 
mn,y be ohtaincd from Wilson's scale factor curve. Nor must i t  be 
forgobton dnring structure f%ctor computation that Aft # 0. Neglect , 

of this may be compensated for during structure analysis only by a 
n ~ o n g  1,empcratme factor which may affect theaccuracy of the at,omic 
pnra,~nctcrs. 

'l?110 technique using ai~omalous scattering with phase change auto- 
. - mnMcnli; icadr, to tho absolute configuration. 

(11) 7'hr iico-pirorcd s:!i~7.t7~esis Ramaehandran and Raman (105G) 
snrigc:stccl n~hcrt. 1.11~ anotnalous scatterers were themselves centro- 
syniii~ct.rically n.rmngec1 in a non-ccntrie structure, a Fourier synthesis 
luight i1c ma~lo i~s i~ ig  hot,ll phnscs, i.e. using for each reflection in the 
: i  I t  ( 1  1 ,  ) a ( 1 ,  w - ) The procedwe is similar to 
Bijrot:t's mdhorl (sco Rolrl~oven r-t nl., 1051) for a pair of isomorphous 
S~CI IC~I I I .CR I U I ~ C ~  1lornia1 scattering, exccpt that the map here contains . 
:I R ~ I : I I C ( ~ ~ I . C  :1,11d il.8 '' 110p~~tivc itivcrfic ", i.6. fo ra  p08lc a t  xyz there is 
a t  fJi :I. negati~c pcak of the same magnitude. Apparently such a map 
s h o ~ ~ l d  bc casicr to dcal with than when it contains a structure and its 
inversc. Onc must bc careful in intcrpretiug such a map for complex 
struct,ures whcn t'he pcak belonging to  a structure may be wiped out 
bccanse it. eoinciclcs wit11 the negative inverse of another peak. 

The method may be uscd even when the anomalous scattarers are 
not ccntrosymmetrically disposed, i.e. a Fourier synthesis may be made 
with both 
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The correct terms will reinforce each other a t  the correct atomic 
positions and the incorrect ones cancel each other and give merely a 
background. The convergence to a correct structure will, however, be 
slow. 

(c) Unique sol.utions; the isomorphow replacement nzetliod and the  two- 
wavelengths method The inherent ambiguity in the pllssev 

r 
a==,+-&e 2 

when the technique of anomalous scattering with pl~asc ollixnge is used, 
can be resolved if this is combined with the isomorphons replacement 
method (Peerdeman et al., 1051). The method collsists in mcasuri~ig 
thc intensities of I""(l~k1) and I""(Xkl) wlrioli arc dilTcl.ellt f u r  i~ ri~~liai.i~t: 
A, which is scattered anomalously by set of atoms d in llrc struci.oi.~:, 
and IRB(hkl) for a11 isomorpl~ous cryst;~l. By using 1.11~ I1:nrIier cui~st~.~iu- 
tion and linowillg the positions of the replaceable atolvs, the LJIIILJCS 
can be dctcrmincd uiliqnely. 

Anoxnslons scattering without pllase change is eiloii,;ilc~rt t u  iso- 
morpllous replacement. Hence, for tho same crysti~l f:.?l, if ~ I I L C I I : : ~ ~ . , ~  

data are collectccl for A;,, wlficl~ is sc&tte~ed anonlaloosly \\.ii.l~o~il, p!"is~ 
change by the atoms A, the ambiguity can be ~,esol\red. I-low ~ ; L I .  tlii:o 
small clifferences in intensities may actu&lly be used for tllc solutiotl of 
the phase problem in this manner is a matter of collject~~rc. Ho\scvcr, . 
when proper weighting functions are used (Blow, 1958; Uluw ~ L I L L ~  

Crick, 1959; Blow and Rossmam; 19G1), i t  is spcctaculas to notc how 
a large number of terms, each of which by itself is of little aigniRc;mcc, 

' can result in important cumulaCive effects, when combirlctl ill ;I 

Fourier trai~sform. 
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