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THE USE OF ANOMALOUS SCATTERING OF NEUTRONS IN THE SOLUTION OF
CRYSTAL STRUCTURES CONTAINING LARGE MOLECULES* '
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1. INTRODUCTION

HE effectiveness of anomalous dispersion
methods for phase determination in X-ray
crystallography has been established beyond
guestion. The anomalous dispersion effects are
much more pronounced in the case of neutron

scattering than in X-ray scattering. This
opens up immense possibilities of using
anomalous npeutron scattering for solving
structures of wvery large molecules. The

essential differences between X-ray and neutron
scattering are discussed in this paper and some
novel ways in which the anomalous neutron
scattering could be exploiled for the solution
of the phase problem are proposed.

2. ANOMALOUS SCATTERING OF X-Ravs

When the wavelength of the incident X-ray
beam is close to an absorption edge A, of an
atom, the atomic scattering factor may be
expressed as '

. f:fn'l'df"f'i;AJw,

fy is the normal scattering factor for wavelengths
far from. the absorpticn edge, A f is the real
part and A f* ihe imaginary part of the dis-
persion corrections. The magniiudes of both
these guantities are small compared to fo'."- The
variation of Af and A with wavelength is
Mlustrated in Fig. 1

Coster, Knol and Prins! established that this
complex scattering factor leads to the violation
of Friedel's Ilaw in  non-centrosymmetric
structures. Bijvoetr and his collaborators?

showed how this effect [T (hkl) 221 (RKI)] can
be used to determine the absclute configuration
of crystals. They also pointed out the possibility
of ‘using this inequality fer determining the
phases of the reflections. The analytical
expression relating the phases and the ohserved

* This work wasz done when the author wus a Senior
Visiting Fellow at the Chemiral Crystallography Labo-
ratory Oxford, England during 1964-65. The wmatter
reported here formecl part of the special talks delivered
by the author at the Mcetmg of the Agmerean Crystsilo-
gmphxc Association held in Gaﬂmhurg {Tenn.), U.5.A..
on the lst of July 1965 and at the Apnual Meeting of
the Indian Academy of Sciences held in Hyderabad,

ndia, on 2Ist December 1965.

intensities wasx given by Ramachandran and
‘Raman.3
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FIG. 1. Variation of A 7" and A 7 with ﬁ'avelength
in X-rays near an absorption edge,

Mark and Sgzilard,! demonstrated that
anomalons scattering of X-rays without phase
change (A f negative) is equivalent, in effect,
to reducing the scattering power of the atom.
Rarnaseshan, Venkatesan and Manid showed that
if a pair of wavelengths on either side of the
absorption edge of one of the species of atoms in
the structure is used, the situafion is eqguivalent
to collecting data using a single wavelength
with two perfecfly isomorphous structures.
They showed in a simple case that all the
techmigques of isomorphous replacement methods
eould validly be adopted. It was also suggested
by them that when X <A <A, [F(hkt)]l
[F(hkt)])\ and [F(hkl)]?‘ could in principle
be c0mbmed to determine the phase of the hkl
reflection. For a review on anomalous X-ray
scattering see Ramaseshan®

3. AwomaArous NEUTRON SCATTERINGT

That neutrons also are scattered anomalously
by some nuclides was shown in 2 series of

TThe anther is grateful  to. Dr. B. T.M. Willis,
Metallurgy Division, A.ER.E., Harwell, England, for
bringing to his attention the pioneering work of Peterson
and Smith.
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careful experiments by Peterson and Smith.?
They repeated the classical experiment of
Coster, Knol and Prins with neutrons scat-
tered by Cd'3S and demonstrated the viola-
tion of Friedel's law. They showed that the
anomalous scattering length could be written as
b=b,+ ¥ 4 ib” and by comparing the X-ray
and neutron secattering data they found that
b leads (b, + b") in phase by =/2, exactly as in
the case of X-rays. They pointed out that Li%,
B! and Cd!'? which scaiter therma} neutrons
anomaleusly could be useful in determining the
absolute configuration of crystals by neuiron
scattering. This was indeed borne out by
Johnson, Gabe, Taylor and Rose® who deter-
mined the ahsolute configuration of the Li-sait
of the epzymatically formed s-mono-deutero
glycolate using neutron diff¥action. Peterson
and Smith also suggested that the phase prob-
lem in neutron scattering could be solved by
the methods suggested by Bijveet in X—rav
scattering ¥+

The scattering length for neutrons in the
resonance region is given by the Breit-Wigneri®
formuia T
1 guw i, (E —E,}
3 (E—E)* 4+ P~,!4
il gek L

Fon Sut T e
where g 1is the spin weighting factor,
A o= N./27, I'n is the neutron width, ["the total
width, E the energy of measurement, E, the
resonant energy and R the weighted mean of
the nuclear radiusg corresponding to pofential
seattering, Brockhouse,11
scattering cross-sections for neutrons of dif-
ferent energy, found thai, for most nuclides,
one-level Breit-Wigner formula fitted the
experimental data very well. Figure 2 gives
the eurves for b” and b” for CAIR as calculated
[rom the measurements of scattering and
absorption cross-sections made by Brockhouse.
The essential features of these curves have
been verified by Peterson and Smith by accurate
measurenrents of intensities - of I(hkl) and

b=R+3

1(hkl) in CdV28 for different wavelengths.

** Dx. David Dzle now at Harwell has since December,
LO62. lieen pursming this sogeestion of Peterson and
Smith. e has been trying to apply to neotron
scattering the method of phasing that the Oxford groug
[Dale, Hodgkin and Venkatesan®) so successfully ased in
qo]vmg the structure of Factor V {}]} a.

i According to the ongmal Breit-Wigner formalz the
lma_l;mnh part is negative, indicating a phase lag of #6°
w.rt. the real part. Howew:r the pesitive sign is uged

phase lead of 90°) in accordance with the experimental
suit of Petersony and Smith.”

who measured the

This is indeed an achievement zs the incident
intensity near A=0-68 A is itself quite low ond
the absorption in this region for C4&''s is
extremely high. -

o}
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FiG. 2. Variaton of 55 4

and 57

with waveiength

“near the absorption for C413,

Comparing the dispersion correction ecurves
for X-rays and neutrons one finds that A Friy
and A f"/f, have a maximum value of about
0-15 (at sin § =0) and about 0-30 at sin 8 = 0- 8
while these ratios for neutrons are almost two
orders of magnitude larger, (b'/b A~ 5-0 =7-0 and
b"/b, ~ 10 to 12). Further the very forms of the
dispersion curves in the two cases are com-
pletely different. The imaginary part b” has a
large positive value (10b,) at the resonance
wavelength dropping to smaller positive values
of tha order of b, on either side. On the other
hand the real part of the scattering factor b
reaches a maximum (4 5b,) on the shorter

: wavelength side of the resonance wavelength,

becomes zero at resonance and beyond this
becomes negative, reaching a minimum (—5by)
on the longer wavelength side. Peterson and
Smith have actually wverified this negative
scattering predicted by the Breit-Wigner
formula. We shall in the next sections examine
how these qualitative and quantitative dif-
ferences bhetween the X-ravy and npeutron
anomalous dispersion could be used effectively
for solving the phase problem.

4. TrEe ConcipT oF THE “HeAvY AToM™ v
. NEUTRON SCATTERING

Normally the neutron scattering lengths of
mast atoms are of the same order of magnitude,
Hence there is nothing corresponding to the
“heavy atom” in neutron diffraction. However
if the structure contains an anomalous scatterer
of neutrons in the asymmetric unit and i a
wavelength for which b’} is large is used, the
real part of the seattering factor would be %



to 10 times the scattering factor of normal
atorns. This is eguivalent to having a heavy
atom in. the structure. Techniques used in
X-ray Cdiffraction suck as fhe Patterson
syntbesis could therefore be used for locating
these “heavy atoms”,
(a) The Patterson synthesis : For the pth atom
= [(ba)p + b1 +ib," = By" b,
H can easﬂy be shown that
IF(hkD) P =22 (B, B + b, b))
P e

x cos 27 [h (x, — 2,4)

+ k{y, — yq) *1 (E’, _za)]
+22(B by" — By

x sin 2= [h (x, — x,)
+k (yy_'yd) +1i (2, - zq)}-
Hence the Patterson synihesis

o oo oo
P (u, v, w) =3Xh Xk Z1 | F (hkD)|*
¢ o °

% cog 2o {hu + kv + tw)

contains peaks of height (B,” B+ b." b ") at
=B, — Ly V=Y, —Yp W=2, —Z It must
be noted that in neutron scattering unlike in
X-ray diffraction we have negaiive normal
scatterers (particularly hydrogen). Thus the
positive peaks in the Patterson correspond to
interactions between
negative peaks to interaction between unlike-
scatterers.
For normal scatterers (N)
By [=1{bglpl > 0, B =0," =0
For anomalous scatterers(A):
1By | = [(bg), 4 b1 >0, b= 0,
Hence in the Patterson synthesis the following
vectors will be present.
A,—> A, of height {B’,, B
A, —= N of height (B'\u byl
and
N, ~» N, of height (b.m byn)

m b”;m b‘AmJ

it is quite clear that the interactions between
anomalous scatterers will dominate and so it
would be possible to identify these peaks. In
a specific example if a structure has one Cd
atom and a large number of other atoms, the
Cd-Cd peak would normally have a height of
b2 (bg =0-4 X 14-'%), However, if the structure
contains Cd11® and a wavelength 0-825 A is used
then & = — 6b, and b" = 4 6b,. Thus
B =(b,—6by) and so the Cd-Cd peak will
have aheight of 25 by? + 36 by% =61 b2 while the
cd-N and N-N interagtions will have heighfs

Hke-scatterers  while -

approximately = 5 by2
(assunting byl =~ ib,).
It is common experience in X-ray crystallo-

and by® respectively

-graphy that the heavy atom-heavy atom inter-

actions are swamped out by the heavy atom-

lipht atom vectors if the number of light atoms .
is sufficiently large. Various techniques have

heen suggested to overcome this.l2 Neutron

anomalous scattering provides an effective

method for eliminating the heavy atom-light

atom vectors rendering the identification of the

heavy atom-heavy atom vectors easy.

If the intensity measurements are made at
wavelength A, at which B, ‘=0 and b," >0
(Fig. 2) and B,">0 and b "=40 then in ihe
Patterson synthesis there will be no A-N vectors
and only the A-A vectors {weight 121 b,2) and
N-N vectors (weight by¥) will survive.

(b) The Two- Wave!ength Method.—If the
measurements are made at two wavelengths on
either side of the resonance wavelength then

it should be comparatively easy to -determine

the position of the anomalous scatierer. Tet us
for the sake of convenience choose two wave-
lengths A, and ), such that B, =—B, and

~ b"h The Patterson syntheses with
|F(h,ilcl)i2 and | F(hkl){Z, as coefficients would
be similar ‘except that the weights A-N
vectors would have changed signs (the A-A
and N-N vectors would however all be
identical). An addition-Patterson with coeffi-
cients |F(hkD)(2, - |F(hkd) (%, would there-
fore give only the A-A and N-N interactiohs
while the A-N vectors would be suppressed.
If must be noted that - A-N vectors will not
be suppressed completely if b~ 3, 2nd b7 A ST
much, different. A single set of measure-
ments of intensities at A, would be as effective
as the measurements at two wavelengths, so
far as the location of the heavy atom is con-
cerned. However the two-wavelength method
has many advantages over the resonant wave-
length method such as Iower absorption, possi-
bility of determining the phases of reflections
uniquely, etc.

A subtraction Patterson with
[F(RED |2, | -~ [P (hED) |2 3, would only give A-N
vectors. Even if B, Is not exactly equal to
—B,, one eould by 2lgebraie manipulations of
the data formilate syntheses which give essen~
tially the above results.

coefficients

Prase DETERMINATION PROCEDURES

It is clear from the above discussion that one
can use the heavy atom techmique in neutron
diffraction {o determine the phases of reflections.
In X-ray diffraction, the heavy atom method




is_successful in phase determination even when
the heavy atom ratio {X PTG S D B
is as low as 0-10 (Vitamin B,;). One
has only ‘to redefine for anomalous neutron dif-
fraction the heavy atom ratio as X'(B,"2+ b"%)/
2B 2B 24D ). This ratio is 0-10 even
if the asymmetric unit contains only one Cd113
and 1,000 te 2,000 normal scatterers and thus
the heavy-atom method may suceceed. If Smi49

or Gd'% are used the proportion of the normal
scattering atoms can be very much larger.
intensity T{hkD)

By measuring the and

F1G. 3. The vector phase diagram for F(ék]‘ and
F(ﬂ IR

sin [« (k1) — a, (REI}]
- I[P (REI) [ ~ [ F (RED
‘l[Jz{lE'(hki‘-)I2 IF{hkf.)F}—

If the position of the anomalous scatierer is
known then from the methods given above,
a(hkl} and ¥,” may be calculated from which
a{hkl}, the phase of the reflection, could be
computed., However, there would be a twofold
ambiguity in the phase angle of each reflection.
If the anomalous scattererg are not centro-sym-
metrically distributed, then a Fourier synthesis
with both the phases should in principle give
the structure. When b” ~ b >> b, one must
be cautious in applying many of the methods used
in X-ray crystallography where A #/ ~ A F << fo-

Thus = convenient method to determine phases
would be to (o) measure the intensities af the
Friedel pairs for the two wavelengths Ay and A,
(L) deterrnine the position’ of anomalous
seaiterer by addition—DPatterson or its equivalent,
(¢} calculate a, from the known position of the
anomalous scatterer, and (d) evaluate =(hkD)

using |F(hkl) |y, [F(RED], "and [F(hkD,, in
a Harker construction {Fig. 4).

A”zj : F.\'

The work of Prof. Dorothy Hodgkin and her
collaboraters [e.g., Factor Vi{e), Vitamin B,
mono acid}l indicates that with one cobalt
(A "/ Ty~ 0-15-for CuK,) atom it is possible

. FIG. 4, Method of unique phasing in neatren diffraction
OA=[F ()] .. -OB=[F (Ai¥)]y.. OC=[F (3)]y,,
and OD=[F (##) ..

to solve structures coniaining about a hundreq
non-hydrogen light atoms. With the same space
group P2 it must be possible to phase reflections
of a structure coniaining 10,000 atoms and one
Cd1® per asymmetric unit. With Sm49 apd
Gdi%7, the number of light atoms could incresse

" three- or fourfold.
I(hki)} one could get the phase angle (Flg 3)

Toe CHOICE OF ANOMALOUS SCATTERER AND Tuk
mpmmmmz. ProBLEMS

'I‘he abserption due to the anomalous scatterer
would be inordinately large near the resonant
frequency. However the overall absorption
would be much smaller if a large number of light
atoms are present. If one wishes to study
smaller molecules one could reduce the propor-
tion of the resonant-isoidpe by diluting it with
normal isoiope.

The measurement of accurate intensities in
nentron secatfering in such large structures is
fraught with many difficulties. () There is
2 decrease in the intensity due to the large
size of the unit cell. (b} The divergence of
the inecident beam has to be cut down, with a
consequent decrease in ineident intensity, to
resolve the closely spaced reflections. (¢) The
background intensity due to incocherent scatter-
ing is expected to be large. Besides these, one
has to grow large single crystals with the reso-
nant-isotope introduced at proper sites.

There are four elements Eulst {(A.~ 0-64),
Cdil3 (A, ~ 0-68A4), Smie (A, ~ 0-93) and
GdA'57(r, ~1-8A) which show resonance in the
thermal neutron range. Of these Smlf® ang
Ga'" would be perhaps most useful because



their resonance frequencies ave close o the
raximuin of the thermal neutron spectrum: of
a pormal nuclear pile. Further the increase
in scattering due to increase in wavelength
enhances the intensity of each reflection.

As the signal-fe-noise ratio in these crystals
of large molecules Is expected to be low, one
has to explore the possibility of measuring the
intepsity of a large number of reflections
simultaneously (as in theé Phillips-techniguel®),
One must also think of extending such wun-
conventional methods as spark-chamber iechni-
ques for the measurement of intensities to
neutron diffiraction, )

In view of the immense potentialities of the
new method for solving wvery large structures,
it may be worthwhile developing experimental
methods for measuring the intensities.

The author's grateful thanks are due to
Professor Dorothy C. Hodgkin, ¥.R.S., NL, G,
Dr. B. T. M. 'Willis, Dr. David Dale, Dr: Guy
Dodson and Mrs. Eleanor Coller for the many
useful diseussions he had with them and to
© the D.SILR., UK., for the award of a visiting
Fellowship to work at Oxford.

10.

11.
12.

13.

Coster, D.. Knol, K. 8, and Prins. . A, Z Phys.,
1930, 63, 345. .

Bijvoet, J. M., Froc. Aced. Sei., Ams., 1949, 52,
313: Peerdeman, A, F. Bommel, A, L. V. and
Bijvoet, f. M., /bid,, 1851, 54, 16 ; dcta Cryst.,
1856, 9, 1012,

Ramachandran, . ¥, and Ramagn, 5.,
India, 1956. 25, 348.

Mark, H. and Szlard, L., Z, Phys., 1925, 33, 633,

Ramaseshan, 5., Venkatesan, K. and Mani, N. V,,

Crrr, Sifa,

" Prec. Ind. Acad Sci., 1957,46 A, 95; Curr. Sii.,
26, 352.

—, Advewced Methods of Crystallogrephy, Academic
Press, 1964. .

Peterson, S. W, and Swmith, H. G., Piys L,
1961, 6, 7;  four. Pkys. Soc., Japan, 1962, 17,
385 four. Je Phys. ot la Red., 1962, 191,

Jobnson, C. K., Cabe, E. J.. Taylor, M .R. and
Rose, 1. AL, Amerchem Soc., 1965,

Pale, D., Hedgkin, D. €. and Venkatesan, K.,
Crystalloyraphy and Crystal Pevfection, Academic
Press, 1963, p. 237. .

Breit, G. and Wigner, B, Pipn Kev., 1836, 49,
519. .

Brockhouse, B. N., Cam /. Phys., 1963, 31, 432,

Rossmann, M. G., dete Cryst., 1961, 14, 383 ;
sre Dickerson, R. E., The Proteins, Academic
Press, N. Y., 1964, 2; Karth, G. and Parthasarathy,
R., Actz Cryst., 1883, 18, 745; Singh, A. K.
and Ramaseshan. 5. (onder publication).

Phillips, D. C. J., Sef freserem., 1863,




