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Determinat ion  of the A n o m a l o u s  Scattering Factor Af' for Chlorine 

:BY R. P~THASARATH¥ 

Department of Physics, University of Madras, Madras. 25, India 

(Received 14 November 1960) 

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

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

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

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

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

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

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

(ii) Secondly, i t  is necessary to f ind out whether  
the values of A f "  so obtained can be directly carried 
over to more complicated structures containing a num- 
ber of identical  anomalous scatterers in the uni t  cell. 
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Regarding the first part ,  the recent exper imental  
s tudy of ZnS by  Townsend, Jeffrey and Panagis  (1959) 
has yielded values of Af"zn in good agreement with 
the wave-mechanical  conclusions of HSnl. The present 
invest igat ion shows tha t  even when the crystal  is 
more complex, with two identical  anomalous scatterers 
and a number  of non-anomalous scatterers per unit  
cell, the wave-mechanical  value of HSnl or tha t  of 
Dauben  and Templeton for Aft' can, in general, be 
u s e d .  

2. Experimental  details 

The crystal  chosen for the present invest igat ion was 
L-tyrosin hydrochloride, whose structure was solved 
by Srinivasan (1959) by  the differnce-Patterson 
method. The crystallographic da ta  for this compound 
a r e :  

a = 11.07, b = 9.03, c = 5"09 A 
,8=91.8 ° 

F A C T O R  Af" F O R  C H L O R I N E  

these four showed tha t  the effect of crystal shape, if 
any,  was not important .  The final values af (AI/I) 
was obtained as an average of the four values. 

3. Results 
(a)Calculation of Aft' 

The theoretical  value of (AI/I) was obtained using 
the relevant  formula for this space group, namely,  

(AI/I)th. =4Acl".B/IFI e (1) 

where IF[ z is the mean  intensi ty  of two inverse reflec- 
tions, which may,  for all practical  purposes, be put  
equal to the value calculated without  including 
Afcl" and B= IF[ sin a where a is the phase angle. 
(The derivat ion of equation (1) is given in Appendix  I.) 
The calculations were made using the da ta  of Viervoll 
and Ogrim (1949) for the scattering factors and the 

Space group P21, two molecules per unit  cell, /~ 
(linear absorption coefficient) for Cu K a  radiat ion hkl 
=35  em. -1. F inal  R-value obtained for [001] projec- 
t ion = 10.3%. l l0  

310 
The crystals were prepared in the manner  described 410 

by Srinivasan (1956) and fine needles with [001] as 510 
needle axis were obtained. A crystal  of thickness less 610 

t han  0.2 mm. and with a fair ly circular cross-section 710 
810 

was chosen for study. As the crystal  was sl ightly 910 

hygroscopic, i t  was enclosed in a Lindeman-glass  020 
capi l lary  and  sealed. 120 

Cu K s  radia t ion was used for the present s tudy and 220 
320 

accurate  in tens i ty  measurements  were made with a 420 

Unicam S-25 single-crystal goniometer, converted 520 
into a Geiger-counter spectrometer by  means  of the 620 

accessory S-32. Some modifications were made in this 720 
82O 

ins t rument  to reduce the angular  speed of the rotat ion 920 

lo per minute,  and also for the fine adjust- 11,2,0 to about  
ment  of the angular  setting of the Geiger counter. As 12,2,0 
a result  of these improvements ,  i t  was possible to 130 

230 set the counter quickly for any  desired value of 2 0. Fur- 330 

ther, the collimator given by  the manufacturers  was 430 

also replaced by  one giving a smaller  background. 530 
The Geiger counter used was Mullard MX-118. A 630 

83O 
c o u n t i n g  r a t e  m e t e r  w a s  u s e d  f o r  t h e  i n i t i a l  s e t t i n g s  930 

o f  t h e  c r y s t a l  a n d  t h e  c o u n t e r  a n d  a s c a l e  o f  1 2 8  w a s  10,3,0 

e m p l o y e d  f o r  m e a s u r i n g  t h e  i n t e g r a t e d  i n t e n ~ i t i e ~  o f  040 

r e f l e c t i o n s .  T h e  X - r a y  u n i t  u s e d  w a s  P h i l i p s  1 0 0 9  a n d  140 
240 it  was found tha t  measurements  were reproducible 340 

t o  5 % .  440 

For the c zone, the reflections hkO and hk0 are 54O 
equivalent  so tha t  two pairs  of reflections, viz., hkO, 640 

740 
hk0 and hk0, hk0 can be studied. Further ,  two settings 10,4,0 
are  possible for the Geiger counter for each reflection, 11,4,0 

namely  at an angle 20 on either side of the X-ray 150 
beam. Thus in all eight observations are possible for 250 

350 • each reflection, giving four measurements  of the 450 
Bijvoet  inequali ty.  The mutua l  agreement among 750 

Table 1. Comparison of calculated and measured 
Bijvoet inequalities 

~,i Oo [JI/% (T)exp. ~-Y/th. 
2.1 3.8 
0.8 4.0 
0.7 0-6 
7.5 11-2 

- - 3 . 9  - - 4 . 7  
5.4 0.0 
0-4 - -7 .1  

- -5 .1  - - 7 . 0  
- - 1 6 . 9  - -19 -0  

3.6 10.4 
- 17.8 - - 2 4 . 2  

0.6 0.0 
11.6 - - 1 6 . 2  
14.2 20.0 

0.0 - - 8 . 6  
4.8 5.6 

- - 6 . 4  - - 8 . 2  
1 . 6  0 . 0  

9-0 - -7 -4  
0.0 0.0 

- - 1 3 . 3  - - 1 8 . 6  
0.0 - -4 .1  
1.7 0.0 
5.8 - -4 .1  

18.4 14.8 
0.0 3-6 
0.0 - - 1 2 . 5  

33.9 32-3 
3.3 8.0 
8.8 9"5 

18.6 15-0 
1.6 - - 8 . 0  
1 . 2  0.0 

40.6 23-4 
18"7 - - 8 . 0  

3.2 0.0 
- -3"8  - -6 -6  

9-1 - - 6 . 8  
3-0 - - 4 . 7  

- - 1 2 . 8  - - 1 6 . 0  
- -  1 7 . 4  - -  15.2 

O.5 0.0 
- -2-1 0-0 

6.9 ]0.3 

AIoo (~1/% 

850 7-1 0-0 
950 -- 1-0 0.0 
060 -- 1.1 --  3-4 
160 - -5 -3  - - 8 . 3  
260 16.4 12.8 
360 2.1 0.0 
460 - -23 -8  - - 2 6 . 2  
560 - - 2 0 . 9  - - 4 1 . 8  
660 -- 12.3 7-2 
760 9"0 14-4 
860 --  1-0 6-8 
960 25-0 11-3 

10,6,0 12-7 14-2 
11,6,0 -- 35-9 --  28-0 

170 20"9 44.0 
270 24-3 14.2 
370 21-0 14.5 
470 0 '6  0"0 
570 -- 6.6 --  12.0 
770 - -2 .1  1.0 
870 -- 7.6 --  15.0 

10,7,0 - -9 -5  - -18 -4  
080 l l . 0  12-8 
180 - -7 .1  - -16 -3  
280 - -22 -5  - - 2 4 . 0  
380 1-4 0.0 
480 - - 4 . 3  - - 1 5 . 3  
580 -- 14-3 - -  12-4 
680 35.3 20.3 
190 --59"~} - -30"8  
290 19.7 25-8 
390 3.2 0-0 
490 10.9 0.0 
590 3.9 --  10-0 
690 12.5 6-0 

1,10,0 18-9 20-0 
4,10,0 - -1 -3  0.0 
5,10,0 --  12.2 - -  10-2 
1,11,0 - - 8 . 4  - -34 -0  
2,11,0 - - 3 5 . 9  - -46 -0  

200 0.0 0-0 
4OO 0.0 0-0 
600 0-0 0.0 
800 0.0 0-0 
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dispersion corrections Afc1"=0"23, Afc ,"=0"66  were 
obtained from James '  book (1954)• No temperature  
correction need be applied if it  is assumed tha t  all 
a toms have the same Debye-Waller  factor. The values 
of (dI/I)m. and (AI/I)exp. are listed in Table 1. 

A comparison of the theoretical  and exper imenta l  
values in Table 1 shows tha t  while the observed value 
varies between half  and twice the calculated value, 
there is a good agreement  in sign in almost  all cases• 
In  a few cases where the signs disagree, the calculated 
or measured value of the Bijvoet  inequal i ty  is small  
and  hence this disagreement  is not  significant. Since 
no systemat ic  deviat ion is observed between theory 
and  exper iment  with the Bragg angle 0, it  appears to 
be more convenient to s tudy the var ia t ion  of 
(/Ifc~")exp. ra ther  t han  tha t  of (dI/I)ex,., for (dfc~")exp. 
is expected to be a constant.  Hence dfcl")exp, was 
calculated from the formula 

(Afc~")~xp./(Afcx")th. = (A I/ /)exp./ ( AI/  I)th. 
( ) l '  

(Afc~")exp. = 0"66 (AI/I)exp./(/lI/I)th. (2) 

and the values so obtained are l isted in Table  2, and 
the da ta  are plotted in Fig. 1. I t  is seen from this 

Afg, 

14 

t - 2  

1"0 

0 . 8  

0"6 

0 '4  

0"2 

0 ' 0~2 ' 0~4 ' 0:6 
t 

0"8 

i 
1"0 

sinO 

Fig. 1. Plot of Afcl" against sin 0. 
O represents points for which IFI > 5, (AI/I) > 10%. 

graph tha t  the agreement  with the theoret ical ly 
expected value of 0-66 is good at  low sin 0 values, 
but at  higher values of sin 0 the exper imental  points 
are more widely distr ibuted.  So far no allowance has been 
made for any  possible error in (AI/I)th. and (AI/I)exp. 
and  the possibil i ty of the way how errors can arise 
in (AI/I)exp. and (/lI/I)th. is discussed in the following 
sections. 

(b) Errors in the measurement of Bijvoet inequality: 
An est imate of the error in the measured value of 

the Bijvoet  inequal i ty  can be made. In  the expression 

(AI/I) = ( I - i ) / (½(I  + i)) (3) 

I and 1 are the intensit ies of a pair  of inverse reflec- 
tions and are subjected to s tandard  deviations a(I) and 
a(]) respectively. I n  general it  is found tha t  a(I) is 
near ly  equal to a(I) and tha t  a(I) varies from 3% for 
strong and medium reflections to 5% for weak reflec- 
tions. Treat ing I and  ] as two independent  variables 
it can be readi ly  shown tha t  the fractional  error in the 
expression in equat ion (3) is given by 

(~(AI/I)/(AI/I) 
=(]/2(~(I)/AI)(l +(AI/I)2)x/2~ ]/2(~(I)/AI (4) 

From equat ion (2) it can be seen tha t  the fractional 
error of (Afcl")exp. due to the inaccuracy in the 
measurement  will be equal to tha t  of (AI/I)ex.. and 
hence 

(~(Afc~")/(Afc~")= ]/2(~(I)/AI (5) 

The fractional s tandard  errors so obtained are given in 
Table 3. 

(c) Effect of errors in the atomic parameters: 
Although the atomic coordinates in the structure 

are not explici t ly ment ioned in equat ion (2), it  is 
obvious tha t  they  would vi ta l ly  come into the calcula- 
tion of Af" from the value  of (AI/I). In  equat ion (2), 
they  are impl ic i t ly  contained in (AI/I)th. in the 
denominator .  Making use of the expression for this  
from equat ion (1), we have 

Afcl"=(O'66]F]2/(4Aci"B))(AI/I)exp. 
=(]F]/8 sin a cos acl)(AI/I)exp. (6) 

where a is the phase angle of the total  structure 
factor and  a c l = 2 ~ H . r c l ,  rcl being the coordinate of 
the chlorine atom. 

Now, the error in ac; can be considered to be 
negligible as the heavy  atom position is in general 
known to a much  higher accuracy t han  the other 
atoms. Consequently,  the errors in the value of Afca" 
would arise essential ly from the errors arising in [F l 
and sin c~ from the inaccuracy in the knowledge of 
atomic coordinates. The problem of evaluat ing the 
s tandard  deviat ions of these quanti t ies,  given the 
s tandard  deviations of atomic coordinates, is a more 
general one and is considered in another  paper  
(Par thasara thy,  1960). Assuming tha t  the errors in 
the atomic coordinates are isotropic, i.e., the position 
of the j t h  atom is dis t r ibuted spherically around its 
mean  position with a root mean  square radius 
a(Irj[) (=arl say in A) it can be shown tha t  the 
s tandard  error of [F(hkO)l is given by 

~(IFl)= (27IeN/3)l/e([ar/d) (7) 

where N is the number  of atoms in the uni t  cell, d is 
the spacing of the reflection, and, for convenience, 
we have denoted the factor [(~2(~rj2)av.]l/2 (i.e., 
the square root of the mean of the product  fi2~r~2 for 
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Table 2. Calculation of (Af")ca, a(lFI)/IFI and a2(Afca")/(Afc~") 
a(IFI)/IFI a~(Afcl"')/(Afc{') 

sin 0 hZ'l (Af")c~ IFI (%) (%) 
0.170 020 0.59 26.0 - -  - -  
0.217 220 0.48 8"9 6"5 7.4 
0.265 130 0.47 13.5 3"0 4.6 
0"319 420 0.47 12-0 5"5 9"1 
0-346 140 0"77 17"0 3"3 5.2 
0"348 510 0"44 9"0 7.6 15-6 
0-378 520 0.47 9"0 7"3 17-7 
0.423 530 0-83 6"1 10.4 21"9 
0.429 150 0.55 9.6 6.0 9-2 
0.434 440 1.14 3"8 15.0 44-5 
0.444 250 0"76 8"4 6"3 19-8 
0.514 160 0"42 14.5 3.2 9.3 
0.525 260 0.84 10.0 4.7 6-4 
0.575 460 0.60 7.0 6-4 7.6 
0"597 170 0-32 3.8 11.0 12.7 
0.607 270 1"13 7.6 5.5 14-0 
0.610 560 0"33 5.0 7.0 14-4 
0.613 910 0.48 23-0 2.4 5-9 
0-626 370 0.89 12-8 3-3 5-7 
0.634 750 0.44 8.7 5.2 13.7 
0.650 660 1.13 6.5 6.6 59-1 
0.659 930 0.67 6-8 6-9 l l -8  
0-681 180 0.29 9.9 3.8 6-2 
0.682 570 0.33 6.2 10.2 10-1 
0-691 280 0.62 5.4 6.9 7.7 
0.693 760 0.41 9.6 4.2 7.7 
0.722 10,3,0 0.27 9.8 4.5 14-8 
0-730 480 0.21 6-3 4.4 7.8 
0.756 10,4,0 0.88 10-4 6.2 9.9 
0.757 580 0.76 5.4 5.6 24.0 
0-766 190 1.26 2-9 11.4 17.8 
0.774 290 0.50 4.0 8.1 17.7 
0-789 680 1.15 7.8 4-4 7.6 
0.792 960 1.11 4.3 8.6 10.2 
0.808 590 0.26 4.3 7.2 14.8 
0-834 690 1.37 5-0 5.9 12-7 
0.845 10,6,0 0.59 2.9 11.7 46.6 
0.850 1,10,0 0.63 8.3 3-3 3.7 
0.898 10,7,0 0.34 4.4 6.9 13.4 
0.900 11,6,0 0.85 3.5 8-8 19.6 
0.912 5,10,0 0.79 3"9 7.1 31.1 
0.934 1,11,0 0.17 2.5 9.9 10.6 
0.944 2,11,0 0.52 2.5 9.8 13.4 

the  individual  atoms) by  (far). In  practice, arj 2 are 
inversely proportional  to Zj 9', Z~. being the number  of 
electrons in an  atom j ,  so tha t  (far) is near ly  the same 
for all the atoms. The value of (far) can be obtained 
from the values of ax and au for the atomic positions in 
Angstr6ms given by  Srinivasan (1959). Since the 
monoclinic angle fl is very  near ly  equal  to 90 °, i t  can 
be taken  tha t  a~ = (~u = (r~ = ~r/]/3 and the average of 
ar for C, N and  0 comes out as ]/3 x 0.018 A. The value 
of (far) was then obtained by taking the value of f 
for a ni trogen a tom from the table, and the fractional  
errors a(IFI)/IFI so obtained are given in Table 2. 
I t  is also readi ly  shown tha t  the fractional error of 
the expression (IFI2/B) in equat ion (6) is 

a([F[2/B)/(IFl2/B)=(2re2N/3)l/2((far)/Bg) (8) 

Since, as a l ready stated, the error in ~c~ is negligible, 
the fract ional  error of (Afcl")e~p. will be equal to tha t  
of ([F[~'/B) and hence 

a2(Afc~")/(Afc~")=(2~2N/3)I/2(far/Bd) (9) 

The fractional  errors so obtained are also given in 
Table 2. I t  will be noticed tha t  in general the errors 
increase with (sin 0/A) as expected from the factor 
1/d in equat ion (9). They are also par t icular ly  large 
for those reflections with B small,  i.e., with phase 
angles near ly  0 ° or 180 °. From equations (5) and (9) 
the total  fractional s tandard  error (~tot.(dfcl")/(zifcl") 
can be calculated from the formula 

(lo) Gtot. 

and the values of atot.(Afcl")/(Afc(') so obtained are 
listed in Table 3. These have been applied to the 
observed data  in Fig. 1 and are shown by  the spreads 
of the vert ical  lines associated with each point. 

In  general, the  t rend of the errors in the observed 
data  arc explained by  the possible errors in the 
measured value of the Bijvoet  inequal i ty  and the 
atomic coordinates and there seems to be no indica- 
t ion of a variat ion o f / I f "  with the scattering angle 0. 
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Table 3. Calculation of ~rl(Afc~")l(Afcl") and Crtot.(Afc~")lAfc,") 
al ( Afcf')/(Afcf') Ctot. (A$cl"')/(AfcV') 

hkZ X a(I) AI (%) (%) 
020 292.43 8.77 49.27 25.1 25.1 
220 44.72 1.34 7.98 23.8 24.9 
130 84-22 2.53 11.17 32-0 32.3 
420 30.21 0.91 3-62 35.4 36-5 
140 68-05 1.96 12.47 22-2 22.8 
510 15-72 0.47 1.16 57.4 59.5 
520 20.94 0.63 2.47 36.0 40.1 
530 5-52 0.17 1-01 23.1 32.4 
150 15-18 0.46 ] .94 33-2 34.4 
440 2.18 0.11 0.89 16.3 47.3 
250 12-84 0.39 2.23 24.4 31.4 
160 23.90 0.07 1.27 8.0 12.3 
260 11.56 0.34 1.89 25.1 25.9 
460 5.83 0.17 1.39 17.8 19.3 
170 0.75 0.38 0.16 33.6 35.9 
270 4.27 0.13 1.04 17.1 22.1 
560 2.11 0.08 0-44 27.0 30.6 
910 40-27 1.21 2.18 78.3 78.5 
370 10.30 0.31 2.15 20.3 21.1 
750 6.39 0.19 0.44 62.1 63.6 
660 2.11 0.08 0.44 26.6 64.8 
930 2.23 0.07 0.75 12.4 17.1 
180 10-55 0.32 0.75 59"3 57.9 
570 2.00 0.06 0-13 64.2 65.0 
760 6.67 0.20 0.60 46.8 47.4 

10,3,0 5.80 0.17 0.19 126.8 127.0 
480 1.72 0.05 0.07 98-6 98.9 

10,4,0 6.60 0.20 0-60 46.8 47.8 
580 1.90 0.06 0.30 28.3 37.1 
190 0.20 0.01 0-13 15.0 23.3 
290 0.64 0.03 0-13 15.0 23.2 
680 4.14 0.12 1-46 12.0 14-2 
960 0.89 0.04 0.22 22.4 24.6 
590 1.47 0.06 0.06 146.5 147-3 
690 1-96 0.08 0.25 44.9 46.7 

10,6,0 1.14 0.04 0.14 42.4 63.0 
1,10,0 4.12 0.12 0.86 20.3 24.7 
10,7,0 2.13 0.06 0.20 36.2 38.6 
11,6,0 1.49 0.08 0.54 19.5 27.6 
5,10,0 0.74 0.04 0.09 58.0 65-8 
1,11,0 1-79 0-09 0.44 28.8 30.7 
2,11,0 1.20 0.06 0.15 56.2 57-8 

Consequently, it was assumed tha t  there was no such 
variation and the best value af A f "  was obtained as 
below. 

(d) Best value for A f "  
Out of all the measured values, particularly reliable 

measurements were chosen which satisfied the follow- 
ing conditions: 

(i) (AI/I)exp. should be greater than 10% 
(ii) (AI/I)ti~. should be greater than 10% 

(iii) [F[ value should be greater than 5. 

Conforming to these restrictions, there are about 
fifteen reflections and the corresponding values of 
Afc~" are represented in Fig. 1 by circles. Using these 
values only, an average of Arc1" was calculated, which 
came out to be 0.67+0.21, in agreement with the 
wave-mechanical value of 0.66. 

(e) Absolute configuration of L-tyrosine : 
Incidentally, the absolute configuration of T.- 

N 

c° t 

02  

C5 C6 

C3 C2 

Fig. 2. Absolute conf igurat ion of ~.-tyrosine. 

O~ 

tyrosine hydrochloride was found out by  using the 
standard procedure, which has been outlined by a 
number of workers (for instance, Raman, 1958) and 
is shown in Fig. 2. The configuration determined 
agrees with tha t  assigned to the L-amino acids by 
chemists, according to the standard Fisher convention. 
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4. Conclusions 

It has been showl that, although large variations often 
occur between the observed values of (AI/I) and those 
calculated from the structure, these can be reasonably 
explained by the possible errors in the measured value 
of the Bijvoet inequality and in atomic coordinates. It 
should be mentioned that the crystal structure used 
for the study had a fairly good accuracy (standard 
error in the coordinates of the light atoms was less 
than 0.02 ~), and yet large deviations by as much 
as a factor of 2 occur for weak reflectione at large va- 
lues of sin 0. This is in agreement with theory (equation 
(9)) which shows that the error is particularly accen- 
tuated by both these factors, namely, high Bragg 
angle as well as the weakness of the reflection. 

I t  is not quite certain that  all the observed errors 
can be explained in this way and that no other cause 
is operative in modifying the anomalous scattering 
(imaginary component) of the chlorine atoms. However, 
if such an effect is operative in tyrosine hydrochloride, 
it is obvious that  it does not materially matter for 
medium and strong reflections as shown by the 
reasonable agreement between theory and the experi- 
ment of the selected data mentioned in the last section. 
Consequently, the anomalous dispersion method can 
be confidently used for crystals like tyrosine hydro- 
chloride which contain a large number of other atoms 
besides the anomalous scatterers. The mutual influence 
of the anomalous scatterers, if any, is likely to be small 
in such crystals because they are well separated. 

I t  is very reassuring to report that in more than 
90% of these cases, the sign of /If"  obtained was 
correct. This means that  the phase measured by the 
anomalous dispersion method would not be in error 
by more than + 90 ° in all these cases. The error would 
be much less in a majority of these cases. It  appcars 
desirable to study the distribution of errors in the phase 
angle obtained by the anomalous dispersion method. 
This is under investigation. 

APPENDIX I 

Since the structure belongs to the space group P21 
there are only two chlorine atoms in the unit cell. The 
origin on the two-fold axis may therefore be chosen 
to be midway between the two chlorine atoms. Then 
the structure factor 2' may be written in the form 

F = Fcl  + FR (A1) 

in which Fcl would be real, equal to Ac~, if anomalous 
dispersion effects were neglected; but if they are 
included, 

Fc,  = A cl + iA c," (A2) 
where 

A c [ ' = 2 A f c l "  cos ~c, (A3) 

and zcc~=27rH.rcl, rcl being the coordinate of the 
chlorine atom. Writing 

we have 
F~ = AR + iBR (A4) 

i~A ,, __ F = ( A R + A c O +  ~ cl +_Hn) (AS) 

For the inverse reflection, 

FR = A R -- iBR 
but 

Fcl  = Ac l  + iAc l "  
so that (A6) 

F =  (A R + Acl)  + i(Ac('--BR) 

Combining (Ah) and (A6), we have 

j i F i 2  i F l e _ l F f 2 = 4  A ,,D ,, = cl ~ )~=4Acl  B (A7) 

as Bc1=O. Equation (1) follows from (A7). 
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