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I. Determination of the Absolute Conﬁgﬁration of Crystals
using Anomalous Scattering Techniques

A. Tii ApsoruTe CONFIGURATION OF A MOLECULE
AND ITS SIGNIFICANCE

Tt was in 1874 that van't Toff and le Bel put forward the theory of the
tetrabedral earbon atom. If four different groups of atoms W, X, Y and
© 7 oare attached to the earbon atom C, the tetrahedral molecule C
(W, X, Y, Z) con exist in two forms shown in Fig. 1 and the earbon
atom iz said to be an asymmetric centre. These two non-superposable -
enanbiomorphons forms are called optical isomoers. Both arc optically
active, one heing dextro-rotatory while the other is laevo-rotatory.
From the point of view of optical fheory it is of interest to know which
of the two spatial arrangements is dextro- and which is laevo-rotatory.
T4 is indeed a sad commentary oh our present knowledge of optical
phenomena that, given the exact spatial arrangement or the absolute
configuration of a molecule, it is not possible to compute with certainty
the sign of its optical rotation (see Beurskens-Kerssen ef ol., 1963).
The determination of the absolute configuration is of significance
beeanse of the vital role optical isomerism plays in life’s processes. To
quote the simplest example, while dextro-rotatory glucose is almost
67
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instantaneously absorbed by the human sysiem, the laevo form is
rejected by it. The synthetic—dnlg chemist must know the absolute
configuration of the isomer of the compound which is physiologically
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 more general questions of-the
biogenesis of optically active compounds in plants and animaly, are
basic problems to the organic ehemist and the biochemist.

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

Fia. 1. Optical isomerism due to the tetrahedral carbon atom.

complexes would extend the frontiers 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 significance of bhe absolute con-
figuration of a molecule to physics and chemistry it may be of some
gratification to the X-ray orystallographer to know that the only effec-
tive method by which it may be established unambiguously is that
proposed by Bljvoet {1949), of using anomalous scattering of X-rays.

B. FRIEDEL’S LaW AND 175 FATLURE
1. Normal scattering )
If two structures 4 and B are enantiomorphous and if
structure 4 = (x;,9,,2,) (j=1...N) {1a)

e
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" then , o
structure B = (%,,9, %)) {(j=1...N) (1b)

If for simplicity we assume that the two structures belong to space
group P1, their structure factors are given by

T (kD) Z fiexp wj | (k)| exp iu T (2a)

Folbll) = 5 [y exp —in; = PG| oxp —icc  (2b)
f=1 <

For the inverse reflections Ak the respective structure factors are

F KD = % fz- exp —ioc,- = [F(hkl)| exp —ix (3a)
I_ kD) Z f, exp fo; = |F(RED)} exp ia (3b)
Henee for the normal sca,ttermg of X-rays -
| FA(REDY| = |Fa(hkl)| = [F(RED)| = |Fp(hkl)] ' (4a)
2 (hll) =— aglhll) =— o (REI) = ay(RED) (4b)
ahd, ' :
I hiel) = I (RRD) = I(hlkl) = I (RED) (40)

Tt must be noted that in a non-centrosymmetric crystal the sequence
of atoms which the X-ray beam encounters from the side 2kl is opposite
to and therefore chﬁ"erent from that met by it when incident from the
gide R, Bven so, according to (4ec), from the measurement of the
intensities of various reflections from a erystal it would be impossible
to determine which of the two enantiomorphs (4 or B) is the correct
structure. The equality given in (4c) is known as Friedel's law.

2. Anomalous dispersion effects

~The impasse of not being able to distinguish the optical or electrical
artdipodes by X-ray methods was broken when Coster ef al. (1930)
discovered that Friedel’s law was violated when the structare contained
at least two sefs of atoms, one of which scatters the incident X-rays
anomalously. When the wavelength of the incident X-ray beam is
close to the absorption edge of a scattering atom, the atomic scattenng
factor becomes a complex number expressible as ‘

f=Ffo+4f" +idf” (5)
where fj is the normal scattering factor for wavelengths very far from
the absorption edge, and Af" and 4f" are the correction terms which
arise due to dispersion effects. The gquantity Af’ is uvsually negative
and 4f”, the imaginary part, is always ahead of the real part (f, -+ 4f")
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by /2. Further, 4f" = 0 for ¥, < vy caeor Figure 2 gives qualita-
tively the variation of Af" and Af” with the position of the incident
frequency with respect to an ahsorption edge. The two correction
factors Af’ and Af" may be considered to be independent of the
seattering angle as the electrons responsible for these effects are

confined to a very small volume near the nucleus. (However, see
Hunter, 1958, 1959 a, b; Batterman, 1962.) -

atoe

Lo To—7"7Z0 ~ 30 40
0 v, /o —

3-0fF Af;/g-'f

Fia. 2. Anomeslous dispersion effects near a K absorption edge. 1w is the incident
frequency and vy the frequency of the X edge. 4 f 3 0 only when v > vy, gy is
the oscillator strength of the X electrons (Honl, 1933).

The quantity Af” is scattered =/2 ahead of the phase of the real part
(fo -1- Af ") and this advance in phase is independent of the direetion of
incidence of the X-ray beam and -of the position of atoms in the
structure. In consequence, if the strusture vontains one seb of wlums
{£) which scatters the incident X-rays normally and another set (A)
which scatters it anomalously, the amplitudes and phases which arise

due to fg, fa, Afy and Af; for the two reflections Akl and AL arc
respectively :

REL lFRL_aR; IFAOI, oy} IAF'[, o) | £, oy + /2
hkl lFR[: — R} |F.40!: s [AF’I: — %43 [F”’ —oy - rf2

This asymmetry in the phase of scattering causes the resultant
gtructure amplitudes to be different in the two cases (see Tig. 3{c)), so
that
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[F(RED)| == | F(RED)]
. I(hkl) s= I(hED) ' (6)

and B
a(hkl) = — (Rl

It rmust be noted that Friedel’s law breaks down enly if anomalous
seattering with phase change exists (4f” £ 0). It does not break down -
when there is anomalous seattering without phase cha,nge (Af" =0
and 4f" = 0). 'This is illustrated in Fig. 3.

In the case of ZnS using AulLa(l- 2738A) to excite the Zn atom,

AR

(Fad

(m) (b} (c)

Fre. 3. The structure amplitade of Al{1F]) and AE{F) under normal and anomnlous
seattoring.  (a) AF " = 0, 47" = 0; (b) AF " 2 0, 4f" = 05 (e} 4f " 5 0, Af* # 0.
There ave bwo rotg of ntoms in the structure, B (normal scatterers) and 4 (anomalous
seatterees), Triedel’s law brealws down only when 4f " # 0.

(A eare = 1-28054) Coster, Knol and Prins demonstrated the unequal
intensitics of the 111 and 111 reflections. Although these workers had,
in effect, detected the asymmetry of the sequence of atoms for the two
planes (111) and (II1) in ZnS, its deeper implication to molecular
structure was not appreciated till Bijvoet (1949) and his eo-workers
(Peecrdeman et al., 1951) used this technique for the determination of
the absolute configuration of sodium rubidium tartrate whose structure
had already been determined. Using ZrKo (A = 0-786A), they observed
significant differences between Akl and Akl reflections. Knowing the
atomic co-ordinates, the amplitudes [ F(kkl)| and | F(RED)]| to be expected
for the two enantiomorphs were calculated. Experimentally it was
determined whether I(2kl) was greater or less than I(Akl). A comparison
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of the experimentally observed inequality with the computed one
permitted the absolute configuration 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 A f = 0 but become
unequal when Af" = 0.

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

Peterson (1955) and Templeton (1955) pointed out that even if the
incident wavelength is on the longer side of the K absorption cdge it
may have sufficient energy to excite the L or even the M electrons.

B !

!
! !
! ff

Fic. 4. The variation of 4 f * and Af * with atomic numher for MoKu, CuXo and Cr qu
{(after Dauben and Templeton, 1955).

"This results in mgmﬁcant anomalous seattering with phase change even
at wavelengths far removed from the K absorption edge. Using the
method of Parratt and Hempstead (1954) the values of Af" and 4f"
for the atoms with Z = 20 to 96 have been computed by Dauben and
Templeton (1855) for the three wavelengths CrKe, CuK e« and MoKo.
These results are shown in Fig. 4 and it is appavent from it that
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0mm01ﬂy available wavelengths may be used for the determination
of the absolute configuration prowded proper anomalous sea,tterers are
present in the strueture.

Since the suceess of the Bijvoet technique depends on detectmg small
differences in the intensity between I(REI) and I(Akl), Af” for the’
anomalouns scatterer must be as large as possible. Table I gives the
range of atoms which may aect as anomalous seatterers for the three
commonly available radiations. Ok&ya and Pepinsky (1961) have given
2 list of useful radiations for various anomalous scatterers.

Tasre I

Range of eonvenient anomalous scatterers for CrKe«, CuKe and MoK«

Target Radiabion - Range of atoms with 4" > 2

Cr(24) ~ K« 22004 : As (33)-Ba (56)

.. Koy 2203A i S

Cu (29) - Koy 1-540A - . Sr (38)-Dy (60) _
Koy 1-544A _ : S .

Mo (42) Kay 0T00A " 8b (51}-Rn (86)

Kos 0-713A

Sinee Af” is practically independent of the angle of scattering, the
anomalons scattering effects are more prominent at comparatively
larger angles. In fact these are sometimes so large that the differences
in the intensity of the A%l -and A%l reflections may be easily detected by
dircot inspection of Weissenberg photographs. When Af " is smaﬂ
Geiger counter techniques are ‘Decessary. '

Even if a proper radiation is chosen, some pairs of reﬂectlons Wﬂl
exhibit intensity differences more prominently than others. Figure 5

7
%R

CI o : (b)
Fie. 5. The difference in the amplitudes of a B1]voet pair. (JF| — | F}) is (a) maxjmum
and equal to 21‘”,, when ap = a4 7= #/2 and (b) is zero when ez = a4 or ay + .
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shows the COIldlleOIlS under which the intensity difference is a maximum
(Fig. 5(a)) or a minimum (Fig. 5(b)). Itis also obvious that if a structure

* gontains only one set of atoms it would not be possﬂale to defermine the
absolute eonfiguration.

C. Untque InpEXING 0F X-RaY REFLECTIONS

The correct indexing of X-ray reflections is extremely important for
the determination of the absolute configuration by the Bijvoet method.
Since the formulae for the structure amplitudes for any space group are
given for a right-handed system of coordinates in the Iniernational
Tables for X-ray Crystallography (1952), great care must-be exercised in
choosing a proper rlght—ha.nded system of coordinates while indexing
X-ray veflections.

Any error in this procedure Would obviously give a wrong absolute

configuration. -
- When a Geiger counter dlﬂ'ractometer is used the unigne indexing is
quite easy. A right-handed system is assumed and the angular settings
at which any piane hkl and its inverse hEl reflect arve computcd The
settings are made so that the reflected X-ray beams enter the counter,
The intensities are then directly compared. The indexing of a pre-
cession photograph on a right-handed system is also comparatively
simple as a precession photograph is an undistorted record of the
reciprocal lattice. While indexing higher layers, however, care must be
taken to note whether the sectlon made is on the positive or on the
negative axis.

The unique indexing in the case of Welssenberg equi-inelination
photogmphs is slightly more complex, but it ean be done without any
reference whatsoever to the crystal or to its morphological characteris-
tics (Peerdeman and Bijvoet, 1956; Vaidya and Ramaseshan, 1963).
Figure 6(a) shows the arrangement in a right-handed camera like the
Unicam single crystal gomometer S-35 where the elockwise rotation of
the graduated drum head-causes the film cassette to move aloug the

- direction of advance of a right-handed screw. The original position of

the film 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 camera
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 coordinates (I‘lg 6(b)) to be
superposed on the erystal with the ¢ axis coinciding with the axis of
rotation. By imagining the reflecting sphere of the H Ewald construetion,
it is seen that in a right-handed camera the axial rows will record them-
selves in the cyclic permutation of the sequence 200, 050, ﬁOO 050 irom




ANOMALOUS $CATTERING AND STEUCTURE ANALYSIS l 75

right to left on the film (Fig. 6(c)). In the higher layer Weissenberg
equi-inclination. photographs (hkL) also, the same sequence will be
obtained. The sense of the rotation of the equi-inclination angle p will
decide whether the L or L layer is being photographed with the chosen
coordinate axes. The sense of rotation for positive L layers is given in
Tig. 6(b) for a right-handed camera.

¥~-Roy beamn
/{

» : gt}

prie

X

T B S

(ohol {hOO} wm) (ROCY {Foo}  (0k)  WoO) (okO)

WP

() (@)

Tid. 6. {n) The direstion of the rotation and the framslation of a right-handed Weissen-
herg camera: The direction of the X-ray beam and the position of the cut ou the
film wsre also shown. (b) The right-handed system of coordinste axes used for
indexing. 'The dircetion of g for obtaining positive L layers is also shown. (o) and
{d) Tho sequence of axial reflections as recorded on a film with e right-handed
system of coordinates using (¢} & right-handed camers and (d) & Ieft-handed

camora. Tho actual case illustrated is for an orthorhombic erystal including all the
axial rows for a rotation of 360°

Once the a.bovga eyclic sequence of axial rows has heen chosen on the
photograph, one has automatically fixed 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 photographs.

As an illustration, the indexing in the case of a monoclinic crystal
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(101)
/
/
g-axis ,L
l

W (1) (ko) o
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i
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a-axis | pJle* ~ 0

/
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/ 180 o) 360°

7

(k) {10D) (140} uoz)
{c)

Fie. 7. (a) Zero higher layer equi-inclination Weissenberg photograph of a monoclinic
crystal mounted along a unique axis {¢-axis). (b) The higher layer photograph of a
monoclinie erystal about the non-unique axis a, (¢} The higher layer photograph of
& triclinie erystal mounted about the g-axis.

(kO) |+ 7

{point group 2) may be considered, If tke crystal is mounted with its
unique axis (¢) parallel fo the axis of rotation the zero layer and higher
layer Weissenberg equi-inclination photographs. appear as in Tig. 7({a).
If the axial rows are indexed as shown, one has chosen a right-handed
-gystem of coordinates. Unfortunately for this point group and the
unique axis mounting there are no Bijvoet pairs in any equi-inelination
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“photograph. If the absolute eonfiguration is to be determined using the
conventional Welssenberg pho’oography, the erystal has to be mounted’
about one of its non-unique axes (o axis, say). With such 2 mounting
the 0%l refloctions record themselves in the zero layer, the 0k0 and 007
rows appearing ag straight lines, displaced 90° from each other. In this.
photograph, while * and ¢* values may be measured, y* cannot be
determined. If one decides to ignore the convention of having y*
always acute, a sequence 0%k0, 007, 00, 00! may be selected from right
to left on the photograph which immediately fixes a righf-handed
system of coordinates, for indexing. On the assumed choice of axes,
v* may either be acute or obtuse and may be determined by the offset
method from higher layer Weissenberg eqmnmchna.tmn photographs
(Buerger, 1942a),

If, on the other hand, one wishes to'stick to the convention of choosmg
y* ta be acute, then zero layer and higher layer Weissenberg equi-
inclination photographs are recorded (the sense of p to correspond to
—+). In the higher layer equi-inclination photographs the Hk0
reflections record on a straight line while the HO! reflections fall on a -
festoon. The distance of the lowest point on the festoon from the .
central line allows us to compute y* (Buerger, 1942a, p. 371, eq. 13).
It is quite casy to locate the lowest point of the axial festoon in the case

" of 2 monoclinie erystal, as it is the intersection of the Hk0 stfaight line

with the H0! festoon. (This, however, is not so in the triclinic case.)

. Tho angular lag method which gives a more precise value of v* may -
also be used (Buerger, 1042a, p. 380, eq. 18). If the angle determined

" from one of the minimum points of the HO! festoon is acute, then k is
positive for the part of the H%0 line on which this miniraum point lies.
If the angle is obtuse then % is negative for this line, Wlth --% thus
chosen, the proper cyclic sequence of axial rows from right to left
mentioned carlier fixes a right-handed system of coordinates. For

~ details of indexing a triclinic crystal, reference may be made to the

paper by Vaidya and Ramaseshan (1963)

e

D THE BIJVOET Pitrs <

Due to the elements of symmetry possessed by a crystal there may be
reflections other than A&l and Akl which may also be compared for the
determination of the absolute configuration. As mentioned earlier, two
reflections which are of equal intensity under normal scattering and
which become unequal whert anomalous seattering is present may be
called a Bijvoet pair. Intensities of Bijvoet pairs must be compared to
determine the absolute configuration. The equivalence of reflections
from a erystal where normal scattering takes place is governed by the
symmetry elements of its Laue group. On the other hand, the equiva-
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lent reflections of the same crystal when anomalous scattering is
present is obtained by the symmetry elements of its point group. For
a crystal belonging to any point group it is easy to work out the
-Bijvoet paits using the elements of symmetry of its point group and its
Laue group. Conversely, the point group of any crystal may be
~unambiguously determined, if one uses anomalous scattering techmques
(see Ramachandran and Parthasarathy, 1963).

We shall, as an illustration, work out the Bijvoet pairs for the space
group P2,2,2,. For normal scattering, the X-ray reflections exhibit the
Laue group symmetry of mmm; for anomalous seattering (with phase

222

(a) N {b)

Fra. 8 BStersographic projection for the point group 222 and Lauv group .
BEquivalent reflections when snomslous seattering is present are shown by con-
finuons lines in (a). The extra-squivalent refleetions due to the introduction of w
gpurious centre of gymraetry due to normal seattering are shown by dotted lities in
(b). Every reflection represented by eontmuous lines forms a Bijvosl pair with
,every ong reprasentad by dotted lines.

change) the reﬂections displa,y the point group symmetry 222. Tigure
§(a) shows the equivalent reflections for anomalous scattering (222) and
Tig. 8(b) the equivalent reflections under normal seattering {(min).
The extra reflections that are made equivalent duc to the spurious
centre of inversion are marked by dotted lines. It is obvious that any
reflection marked by full lines forms a Bl]VOBt pair with any one marked
by dotted lines. :
For the point group 222,
[ F (R = |F(rkl)| = |F{hil)] = | F(hE)|]

[ FRED] = |FRED| = {F(hkl)] = | FRED|]
and

a(hkl) 2 [ o(Rkl) =— a(hkl) =— a(hkl) =— w(hid)]
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Analytically, the phase relations that may exist amongst the reflec-
tions that are equivalent to one another under normal seattering will
be of the following types. :

Group I | : Group 1T
(a) a =§ (€) a =wf2—8
(b) w = =28 ) a =7 —pB
(¢) a =m+P o {g) a=3m2—8
(d) o = 3w/2 4+ 8 h) e =—§8

Even when anomalous seattering is present, reflections in Group I have
equal intensity. The reflections in Group II are also of equal intensity
but the intensity of those in Group I is different from those in Group I.
Henee any reflection. in Group I forms a Bijvoet pair with any in
Group TI. The conditions under which a Bijvoet pair may be accident-
ally of equal intensity has been worked out (Fig. 5(b)).

E. SoME PROBLEMS IN THE PHOTOGRAPHY OF BIIVOET PAIRS

Wien determining the absolute configuration by comparing the
intensities of a Bijvoet pair, it is essential that the specimen be ground .
info a eylindrical or spherical shape so that the absorption corrections .
for the two reflections are the same. A second precaution is to avoid,
as far as possible, comparing reflections which have been recorded on
different sides of the central line in a Weissenberg equi-inclination
photograph. Such reflections undergo varying degrees of confraction
"and elongation and are thus not suitable for comparison if the intensity
is measured visually. However, if an lntegratlng Weissenberg Camera,
is used this diffieulty does not arise. '
For crystals belonging to the monoeclinie, fetragonal and hexagonal
clagses, there are nmo Bijvoet pairs in Welssenberg equi-inclination
photogmphs of any layer taken about the umque axis. The reflections
to be compared are of the form #&7 and bkl (c axis nnique). These reflec-
tions may easily be obtained on one film if the crystal is mounted about
a non-unique axis. However, 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-unigque
axis and grind it into a cylindrical shape, This problem becomes very
much more pronounced when one is studying a crystal at low fem-

peratures of a substance which is normally a liquid at room temperatw'e.

In low temperature Weissenberg cameras using the Fankuchen-
Lipscomb type of cooling the erystal almost invariably grows with a
particular crystallographic axis coinciding with the axis of the oylin-
drical eapillary tube. 1t is not possible to mount the erystal along any
other axis.
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To obviate these difficulties, simple double layer screens have been
devised so that by normal beam Weissenberg photography the reflec-

- tions of the L and 7 layers may be simultaneously recorded on the same

- film (Beurskens Kerssen ef al., 1963; Vaidya and Ramaseshan, 1963).

One such is shown in Fig. 9. This double layer method of recording
Bijvoet pairs has also the following advantages in the ocase of crystals
with 2-, 4- or 6-fold axes. Both the reflections of the Bijvoet pair Akl and
hEl will be elongated or contracted by the same extent. Thereflections
also occur simultaneously so that any fluctuations in the inténsity 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 sta,blhzed X-ray unit
would be necessary.

Fia. 9. ° The double layer screen, in which 4 and  are eonventional screen tubes and B
is attached to C by ruetal strips. Stepped rings (if necessary magnetized) fit on to B
to give a central screen tube of variable length. (Vaidya and Remaseshun, 1063.)

F. Ax EXAMPLE OF THE DETERMINATION OF
Arsorurs CONFIGURATION
If a structure has been solved using normal procedures then the main
steps that are to be followed for the absolute configuration of the

molecule to be established are as follows. (a) From the solved structure

one of the two possible enantiomorphs (equation (1)) is chosen at
random. (b) Using a right-handed system of coordinates, the reflec-
tions are uniguely indexed so that there is no ambiguity regarding
the Akl and AE! reflections. (c) The Bijvoet pairs for the space group
are compared and in each available pair it is ‘determined from experi-
ment whether I (hkl) is greater or less than I (REl) (or its equivalent
reflection). (d) With the atomic parameters of the chosen enantio-
morph, computations are made (either vectorially or trigonometrically)

- to find out whether I (Akl) is greater or less than I (&El). (e) The

observed inequalities are compared with the caleulated onos and, if they
agree, the assumed enantiomorph is the correct structure. If not, the

- inverse of the assumed structure is the correct absolute configuration.
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‘We shall illustrate this by an example from -the.determ_ilia\..ti:on‘ of the
absolute configuration of echitamine iodide which crystallizes in the -
~ space group P2,2,2; (Manohar and Ramaseshan, 1961a). Its structure

was soived by the heavy atom technique (Manohar and Ramaseshan,
1961b, 1962) and the atomie parameters were refined to a fair.degree of
" aceuracy. Three-dimensional intensity data were collected from the
Weissenberg equi-inclination photographs with ¢ as the rotation axis. -

There are no Bijvoet pairs in the zero layer photograph for this space
~ group. In the higher layer photograph, the Bijvoet pairs are sym-
metrically chstubuted about the AOL and OkL axial rows. Actual
examination of the photographs showed many pairs of reflections
exhibiting significant differences in mte,nsﬂiy For example, it was
ohserved that

1(324) < I(324) _
For the space group P2,2,2, for the group of reﬂectlons Wlth
+Ey=2n+1,%k+1) =2
the expression for the structure factor is
o F = A"+ iB’
where R :
= z fi(—4 sin 2wha, cos 2wky, sin 2xlz,)
and
= > f,{4 cos 2arhxj sin 21rk Y; CO8 27712;) _
In this structure the iodine atori scatters CiKx radla,tmn anoma,lously
so that f, must be replaced by
fo-+4f" +idf"

Thus, for one iodine atom of the a,symmetnc unit, the structure ampli-
tude is given by '

= (fo + 4f ) —sin 2xha cos 2aky sin 2arlz) + | _
+ i(fy 4 Af ) (cos 2mha sin 2arky cos 2milz) —
— Af"(cos 2mhx sin 2nky cos 2nlz) +-
+ 1Af "(— sin 27rhac cos 27r]cy sin 21-rlz)

= A; 4 1By — A] +iB] , . .

- Knowmv the atomiec positions of 1od1ne and the sca,ttermg fa,etnrs (for
the Ifeﬂectmn 324, Af' =— 1-1, Af" = 7-2) the four terms may be .
calculated. Similarly the contributions 4, and By due to the rest of
the atoms which scatter normally, are computed using the same
formulae (with 4f" = 0 and 4f” = 0). The resultant F(324) is obtained
graphically. Similarly the components A7, By, A7, B}, Ay and By of

“the other reflection of the Bijvoet pair (namely 324) are calculated.



82 _ S. RAMASESHAN

Tame I1

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

ML Ay B AL B! Fooo  Lou
324 493 42 77  —88 150 225
324 403 442 —77 488 11-4 130
' Inequality
Caleulated Observécl

1.(324) > I1,(334) I,(324) < I,(354)

These values for the reflections 324 and 324 are given in Table II. The
quantities F and F are determined graphically as in Fig. 10. Oune finds
that I,(324) > I,(324), i.e. the computed result is opposite to that
determined experimentally. It follows, therefore, that the correet

o) Ar

A‘I

F(324)™ Fl324}
B 4
i
E}'~> A}
2 g
7

Br

X

Fra, 10. The vector diagram comparing the structure amplitudes of the Bijvoul pair

324 and. 324 in the case of echitamine jodide {CnH, O N, I).

shan, 1063.}

{(Manobar nnd Ramuse-
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configuration of the echitamine ion does not correspond to that given
by the coordinates used in the caleulation of the structure afmplitude
but its mirror image. Although one pair of reflections is really sufficient
to establish the absolute configuration, it is better to compare a la,rgei'
number of pairs so as to aveid mistakes due to any a,ccldental errors in
the recording of the lntensmes

II. Determination of the Phases of Reflections by
Anomalous Scattering

A. Tir Use oF ANOMALOUS SCATTERING WITHOUT PHASE CHANGE

1. Distinguishing atoms of nearly equal atomic numbers

For anomalous scattering without phase change, 4f” = 0, but 4f" may
sometimes be as large as 12 or 13 eléctrons (see Fig. 4). This effect is
almost independent of scattering direction. Since normal scattering
falls away rapidly with increasing angles of scattering, the relative
change due t0 anomalous seattering increases considerably for large
scattering angles, With normal scattering, atoms of nearly equal
atomic numbers are difiicult to distinguish. If, however, the effective
scattering power of one of them is reduced by anomalous scattering, it
can casily be identified, the more easily the larger the value of 4f".
This makes anomalous scattering an effective tool in erystal structure
analysis to distinguish nearly equal atoms.

Mark and Szillard (1925) first demonstrated this effect strikingly in
RbBe, which has a KCI type of structure. The 111 reflection whose
structure amplitude is fpy, — far is barely recorded for normal scattering
ag fgp and fg. are almost equal. When Sr&« is used, the difference
becomes appreciable (about two to three electrons) and the 111 and 333
reflections are quite clearly recorded.

The question whether Cu(29) and Mn(25) in the Heusler alloy
Cu,MnAl (FegAl type of structure) have an ordered or disordered
arrangement among the erystallographically equivalent Fe positions
was difficult to decide under normal X-ray scattering, beeduse of the
small difference in the seattering powers of Cu 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,
depending on fg, — fua- By comparative photometric meastrement of
the powder photographs of Cu,MnAl with CuKe (normal) and Fek o
(anomalously scattered by Mm, 4f" =— 4-0), Bradley and Rodgers
(1934) showed the presence of the superlattice lines, thus establishing
the ordered arrangement of Cu and Mn in Cu,MnAl

In a similar experiment on B-brass by Jones and Sykes (1937}, usmg
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ZnK«, which Cu seatters anomalously (4f =— 4-0), the increased
difference in fo, and f,, rendered the superlattice lines sufficiently
intense to be clearly recorded.

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

(a) Perfect isomorphism To use a wavelength anomalously seattered
by one set of atoms in a structure is effectively equivalent to substituting
that set of atoms by another of different scattering power, at the same
atomic sites. The situation is equivalent to a pair of perfectly izomor-
‘phous structures in normal X-ray scattering. All procedures applicable
to a pair of isomorphous crystals; for example isomorphous difference-
Patterson, ete., would be valid in this ease. Though this had long been
realized (see Lipson and Cochran, 1953, p. 227), this was shown te be
practicable when Ramaseshan ef al. {(2957) solved the structure of
KMnO, by anomalous seattering. The special features of this technique
are illustrated by examples from this work.

The method uses the small observed differonces of the intensity of
reflections under normal and anomalous seattering and, as any avoidable
inaccuracy will mask or alter the relative differences, success depends
greatly on the following steps: (1) Choice of suitable radiations for a
given crystal; (2) obtaining satisfactory Weissenberg photographs;
(3) proper corrections for geometrical and physical factors and (4)
reducing intensity data for the different radiations to the same scale.

(b) Choice of radiution; scattering factor curve It would be most advan-
tageous to use two radiations for which the anomalously scattering atom
shows -the maximum difference in scattering power. If the relutively
smaller effects due to the excitation of the L electrons were negleeted,
4f" and Af " may be read from the curve (Tig. 2), knowing A, ./Ax cuge
for the anomalous scatterer. The best method wonld be to caleulate
the seattering factors by the method of Parratt and Hempstead (1054).

In KMuQ,, where Culo and Felly were nsed, the changes Af7 and
47" for Mn as read from Honl's enrve {1933) are given in Table [1T. Tn

Tanry ITT

Af" and Af" of rﬁanganese from Honls (1933) dispersion curve for
' CuKa and FeKu '

Radiation A;/Ax sdgn Af, Af ‘

CaKe 0-813 ~0-78 2-H3%
FeKx 1-021 ‘ —4-21. 0-GO
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centrosymmetric structures, the altered scattering factor ‘for any

(sin #)/A may be found by simple vector addition of the normal scattering.
factor with Af’ and Af", assuming these to be independent of angle of
seattering. Table IV gives these values for Mn for CuK« and FeLe.

TapLe IV

The variation of atomic scattering factor of Mn for CuKa« and FeK,
with. (sin 8)/A

(Mo 0/ 00 01 0-2 0-3 04 05 ° 06
Toura 944 21-5 17-6 14-4 12-2 10-6 93

Fenrs 20-2 37-9 159 10-7 85 69 5-5

The rapid inerease in the ratio of the seattering factors for the two
raclintions with 8, even for small values of (sin 6)/A explains why this
teclinique is practicable even with photographic method of intensity
measurement.

(e) dbsorption correction A reflection Akl from the erystal occurs in
different directions for the two radiations. In a crystal of irregular
shape this wouid mean that different paths are traversed inside the
erystal.  Further, the two radiations are absorbed differently by the
eryvstal.  Any error in the absorption correction would lead to Iarge
errars in intensity,

Tt was fonnd most sotisfactory to use a nearly perfect cylindrical
ervefol of KMuQ, and ﬂpp]y absorption corrections for cylindrical .
N{"‘(‘llu’ 113,

1y Fluorescent radiation and estimation of imfensity If fluorescence is
present, as in KMnO, with Cul« radiation, and the photographic
méthad is used, the fiest flm in the stack serves as a very efficient filter
and jntensity measurement may be made with the rest of the fihns in
{he slack, One must algo bear in mind the variation of the film- to-ﬁlm
intcusity ratie, depending on the wavelength used.

() Scale factor As the method depends on differences, it is important
to reduce the intensity data with the two radiations to the same relative
seale. If nob it will lead, for example; in an ** anomalous difference-
Patterson ” (see below) to unwanted background and spurious peaks
A modified form of Wilson’s method leads to the following expressmn
for the relative scale factor € between the two data:

CCDy - 31
D il
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rolo

Q ' : i 7
R .
Fie. 11. (a) The b-axis anomalous difference Patterson projection of KMnO, with
(| Feuxal® — | Frexx|?lror 88 coefficients. (b) The b-axis isomorphous difference-
Patterson with{| Fiume 4!2 — [Fxm%[z)um as coefficients. (Ramaseshon et al., 1957.)

As usual, the averages (I are taken over narrow ranges of (xin 8)/A
to allow for the variation of scattering factors and thermal correction
with (sin #)/A. The precedure proved quite satisfactory in the structure
analysis of KMnO,. ‘

(f) Anomalous difference-Pallerson  When intensity data of two iso-
morphous crystals X and ¥ are available for a wavelength A, a Patterson
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synthesis with (F§ — F3);,, as coefficients is the jsomorphous difference-
Patterson (I.D.P.) {Buerger, 1942b). (In the case of anomalous seatter-
ing the analoguc of the I.D.P. is the (5 — F? ) synthesis which may be

called the anomalous difference-Patterson (A.D.P.) synthesis,) The
cocfficients of this synthesis are the differences for each reflection Akl of -
~the intensities for A (normally scattered by all atoms of a structure} and
A, {(anomalously seattered by the atoms 4, and normally scattered by
the rest of the structure). The A.D.P. will consist of peaks involving
atoms whose scattering powers are altered in anomalous scattering,
i.e. (a) interactions among the anomalously scattering atoms themselves
and (b} interactions between the anomalously scattering atoms and the
normal seatterers. Tho peaks corresponding to interactions between
nornial seatterees cancel out in the AD.P. provided the scaling is
proper.  The striking similarity between the -1.D.P, synthesized with
(Fivino, — Feciohor wsing Culx radiation and the AD.P. with

(Feuie — Fhexelnor for KMnO, (Fig. 11(a), (b)) shows tbat this tech-
nique can be successfully used.

(g) Delermination of the position of the anomalous scalterer A Harker .
scetion of the A.D.P. may be used to fix the position of the excited
atoms, as this will contain, except for accidental peaks, only the
mteractions between symmetry equivalent anomalous scatterers,

X Mn —Mn

=

} A Mn—Wn

o

NG
N A '

0 2
14
Fre. 12, Tho b-nxis Patterson projection made with ([ Foygel — | Frexa])io; 82 coafficients
to obiain the position of the anomalously scattering atom in KMnO,. (Remaseshar
et al., 1957.}
AT,

D
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A Patterson synthesis with (|F)|—|F, |)ix; as cocfficients will,
however, be more direet. Now

(£, FA hk! = Z (fi — ) cos 2alha, + & ]”JA'I‘ Zza)

and involves only the anomalously seattering atoms A. Since for most
reflections (|| — |7, 1} = F) — F,, the (LF)| —|F, |)* Patterson is
expected to contain onIy the interactions between the ananmlous .
scatlers.

The {|Fcure] — |l‘f’Fe,m])2 synthesis for KMnO, (Flg. 12} shows
prominently only the Mn—Mn interaction, as expected.

£l
/ Do
b
Y
“ |
0 = z

Fra. 13. The structure of KMnQ, derived from the anomaloas differencoe-Patterson by
Buerger’s minimmn function method.

(%Y Vector shift methods If the peaks between the avomalous seattercss
are thus found it is an easy step to recover the structure by, say,
Buerger’s minimum funetion method. Figure 13 shows the structure
recovered in this way by two translations of the A.D.P. of KXMnO,.

{t) Direct determination of signs ¥rom the equation
{(£F)— (ﬂ:F% )} = fA fA ) cos Zmlhx, ‘|‘ ki 4 lzy),

.since all the qua,ntitjes on the nght-hand side are lmown, it iy casy to
. caloulate the signs. Over 50Y%, of the signs of the structure amplitudes
in KMnO, could be so calculated.
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3. Anomalous scattering withont phase change in non-centro-
symmetric structures

(a) Single anomalous scatterer and lwo mmdent wcwelengths The tech-
nique of anomalous dispersion without phase change may also be applied
to non-cenfrosymmetric structures (Pepinsky and Oka.ya, 1956;
Ramaseshan and Venkatesan, 1957). As this corresponds in effect to
isomorphous veplacement, all the procedures developed in connection
with isomorphous erystals may be applied here. For example, let a
siriicture (24) contain two sets of atoms B and 4, 4 denoting one set

Y
F
7
7
Fy
AL
//FAA
/
O ra
Av X
oA
N\
\\
N
A
X
\\
PE
IT

I

Fra. 14, All the atoms in the structure scatter normally and one seb of atoms (A)
disivibutod cenfrogymmetrically scatter 2, anomajously withount phase change.
Ity ond By 4 e the strueture amplitades of a reflection ki, QA is the differcnce in

the scatioring fnetors of 4 for A and 3. The figure shows the Harker construction
giving the two possibie pbase angles (/. P,OX and / P,0X) for the refloction Fy.

of atoms which scatter the radiation A, anomalously ‘without phase
change, and R the rest of the structure. If intensily data are obtained
with Ay and also with A (which is scattered normally by both R and 4),
the situation is similar to the single isomorphous replacement method
(Bokhoven et ol., 1951). If the anomalously scattering afoms oceupy
cenfres of symmetry, i.e. ¢, = 0, the method of arriving at the phases
of each reflection by . geometrical construetion is shown in Fig. 14.
There is an ambiguity in the sign of -the phase angle.  Following
Bijvoet, one may perform a synthesis using both the phase angles,
which results in a Fourier map with a spurions centre of symmetry.
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This map may be interpreted on the basis of knowledge of the
chemistry or stereo-chemistry of the molecule under investigation.
Toven if the anomalous seatterers do not oceupy centres of symmetry,
ie. ay 0, the above procedure can be used (Ramachandran and
Raman, 1959; Blow and Crick, 1959; Blow and Rossmann, 1961;
Ramachandran and Ayyar, 1963). In this two-phased ¥ourier
synthesis, the “ true ”” components add up coherently to give peaks at
the atomic sites, while the “ error ” components give mercly a back- .
ground. The B, -synthesis of Ramachandran is in effect similar to
this and is expounded in detail in an artiele by him in this volume.

(b) Unique solution Two different groups of anomalous scatterers and
three radiations. .
Let a structure EAB contain two different sets of atoms s and

1

Fic. 15. The erystal consists of threse sets of atoms 12, 4 and B. A, and A, aro sentloned
anomalously without phase change by A and I while X is seattored normadly by
all atorna. Figure shows how a unique solution of the phase is obtainud.

B which scatter A, and A; anomalously without phase change. If
intensity data are obtained for A {which is scattered normally by
all the atoms), A, and A, then the phase of each reflection may be
uniquely determined provided the positions of 4 and B are known
(Kig. 15). This corresponds to double isomorphous reptacement (Harker,
1956). The positions of anomalous seatterers may be determined
by making the [|FE4E| — |F§;B|]2 and [| 845 —IF;{‘I;‘”[}Q syntheses.
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. B. Tie Use or ANOMALOUS SCATTERING WITH PRASE CHANGE
1. Determination of phase angles

Besides its use in determining absolute configuration, Bijvoet and his
collaborators showed also how the difference |Fy,|2 — | Fz|2, which is
not equal to zero when anomalous seattering oceurs with phase change
(ie. 4f" = 0), may be used to determine phase angles of X-ray reflec-
tions from non-centrosymmetric erystals. A similar mefhod was
proposed by Ramachandran and Raman (1966).

Y i ) s

Frg, 16.  Detormination of the phase of seattering when. thore is anomalous seattering
with phase change.

If A represents one equivalent set of anomalous scatterers thab
_seatter A anomalously with phase change, and R the rest of the structure

seattering normally, the structure amplitudes of any reflection Akl and
hEL (sec Fig. 16) are

F = F(hkl) = 3 fqrexp 2ni(hag -+ kyg -+ (25) -
R
+ ‘; (£s0 1+ AF ") oxp 2mifha, + ky o - Izy) +
i 5 A exp 2mi(ha, 4 kya+ o)
A ' ’ .
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= F, exp iy + F, exp ia, + 1 F} exp in,
- : = (Fyexp *EocR—&FAexpiocA)—Z—F;;expi(g—k%)

— exP ia 4+ FY oxp z(q_; - ocA)
F = F(IH) = I’ oxp — in+ F' exp i(:; _ aA)

If 6 is the angle between F' and ¥, the angle between the corres-
. ponding vectors for F is 180 — 8. From AOBC and AOB'CY
B2 = | P24 | B2 2| 2 cos 0
]2 = |F'|2+ |12 — 2|8} | £ cos O

and
Fl2 | F|2
vos § o FE—IFP
3
s [ Y
b= 2 [P — |
oo e

. . 3 ™
From the figure it is easily seen that o, the phase of £, is 2, - 5 4 .

If the positions of the anomalous scatterers arc known, then ay, | £y
can be computed and hence § may be obtained from the above cquation,

When the anomalons scatterers are centrosymmetrically arranged
among themselves in a non-eentrosymmetric structure o, = 0 or a,nd
o= o O m— .

2. The resolution of the ambiguity

(a) “ Heavy atom method ; expemmeﬂtal illustration \thn the anoma-
lous scatterer is * relatively heavy ' in comparison with the rest of the
structure, the ambiguity in the phase angle may be resolved by choosing
that phase angle which is eloser to the phase of the anomalous seattcrer.
In the structure of ephedrine hydrochloride (Phillips, 1051), Raniseian-
dran and Raman (1958) verified this hypothesis by showing that in
over 75%, of reflections, the correct phase angle was the one closer to
the phase of the anomalous scatterer. This method was first applied
for solving the structure of lysine hydrochloride by Raman (1954).
However, the solution of the structure of the compound ““ factor V1a*
(CieHgs0sN;,Co, 11 H,0), recently by Dale, Hodgkin and Venkatesan
(1963) is perhaps the most striking proof of the power of the anomalous
scattering technique. The intensity data were collected only by photo-
graphic methods, using CuKa which is seattered anomalously by cobalt
with Af" =— 2-2 and 4f" = 3-89, The dispersion effects were very
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marked, and the brealkdown of Friedel's law was apparent even visually.
The technigue of anomalous seattering with phase change enabled theso
authars to caiculate from tho intensities of Bijvoet pairs the phages of
1994 out of nearly 4000 observed reflections. The anomalous scatterers
Co in this compound were centrosymmetrically disposed so that
oy = 0. Where the reflections of a pair appeared on opposite sides of
the cenfre line in Weissenberg photographs correction for extension
and confraction of spots was also necessary. Instead of Phillips’s (1956)
correction, the anthors were content to eorrect for this by the equations

' Tino = 1,(1 -+ Ecost)

" Jipue = 1{} — Tt coa 8)
where the subscripts e and ¢ stand for extended and contracted spots
respoeetively, and 6 is the Bragg angle. This correction presumably was
adeguate,

Sinee the temperature factor affects 13119 observed structure ampli-
tudes, 7' must be multiplied by a suitable temperature factor, which
may be obiained from Wilson’s scale factor curve. Nor must it be
forgotten during structure factor computation that Af’ 5= 0. Neglect
of this may be compensated for during straoture analysis only by a
wrong temperature factor which may affect the accuracy of the atomic
paramoters. '

The technique using anomalous scatiering with phase change aunto-
matically lcads to the absolute configuration.

(h) The two-phased synthesis TRamachandran and Raman (1956)
suggested where the anomalous scatterers were themselves centro-
symmetrically arranged in a non-eentrie structure, a Fourier synthesis
might he made using both phases, i.e. using for each reflection in the
synthesis both ([ 7], «) and (|F|, 7 —«). The procedure is similar to
Bijvoet’s method {see Bokhoven ef al., 1951) for a pair of isomorphous
struetures wider normal seattering, except that the map here contains
a strueture and ils “ negative inverse 7, i.e. for a pealk at zyz there is
at &2 a negative peak of the same magnitude. Apparently such a map
should be easicr to deal with than when it contains a structure and its
inverse. One must be careful in interpreting such a map for complex
" structures when the peak belonging to a structure may be wiped out
beeauge it coincides with the negative inverse of another peak.

The method may be used even when the anomalous scatterers are
not centrosy mmetrlca,]ly dmposed i.e. a Fourier synthesm may be made

with hoth , | :
(o) s o)
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The correct terms will reinforce each other at the correct atomic
positions and the incorrect ones cancel each other and give merely a
background. The convergence to a correct structore W1II however, be
slow.

- (e} Unique solutions; the isomorphous replacement method and the two--

. wavelengths method The inherent a,mbiguity in the phases

OC—“A‘{‘ + 8

when the techmque of anomalous sca,ttumg with phase dmnﬂe is used,
can be resolved if this is combined with the isomorphons replacement
method (Peerdeman et al., 1951). The method consists in measuring
the intensities of I®4(RkI) and 7%4(kE]) which are different for a radiation

A4 which is scattered anomalously by set of atoms £ in the structure,
- and I*B{AEL) for an isomorphous crystal, By using the Harker construe-
tion and knowing the positions of the replaceable atoms, the phases
can be determined uniquely.

Anomalous scattering without phase change is equivalent to iso-
morphous replacement. Ilence, for the same crystal 2.4, if intcnsity
data wre collected for X)), which is scattered anomalously without phase
change by the atoms A, the ambiguity can be resolved. How [ar these
small differences in intensities may actually be used for the solution of
the phase problem in this manner is-a matter of conjecture. However,
when' proper weighting functions are used (Blow, 1958; Blow and
Crick, 1959; Blow and Rossmann, 1861}, it is spectacular to note how
_ & large number of terms, each of which by itself is of littie significance,

can result in important cumulative eﬁ‘ects when combmod in o
-Fourier transform.
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