
 Name   
 

Chemistry 208 X-ray Crystallography 
Midterm Exam #3   April 15, 2009 
Total 100 points 
 
 
1. (30 points) Explain your answers. 

Liebigite  (yellow crystals on quartz at right) is named for the 
German chemist Justus van Liebig (1803-1873). It has the formula 
Ca2(UO2)(CO3)3·11(H2O) in space group Bba2 with a = 16.703, b = 
17.513, c = 13.741� , Z = 8; V = 4,019.51 � 3. 

 
 a) What are the symmetry operations (give fractional coordinates) and how do they interact?  
   B-centering: (x,y,z)� (x+1/2, y, z+1/2) 
   b-glide: (x,y,z)� (-x, y+1/2, z) 
   a-glide: (x,y,z)� (x+1/2,-y,z) 
   2-fold : (x,y,z)� (-x,-y,-z)  

 
The group has mm2 symmetry – we expect the two glides to produce the 2-fold and the 2-fold to 
produce each glide when multiplied by the other.  There should be no inversion centers, and if we 
multiply the above operations algebraically, it is clear that we need to shift the glides or the two-
fold by (1/4,1/4,0) from the origin implicitly chose above.  So, we shall revise our coordinates for 
the two-fold: 
  2-fold : (x,y,z)� (-x + ½,-y + ½,-z) [due to shift] 

 
 b) Predict the Patterson peaks for the U-U vectors. 
 

 (x,y,z) (x + ½, y, z + 
½) 

(-x, -y + ½, z) (x + ½, -y, z) (-x + ½, -y + 
½, -z) 

(x,y,z) -- ½, 0, ½  -2x, -2y + ½, 
0 

½, -2y, 0 -2x + ½, -2y + 
½, -2z 

(x + ½, y, z + 
½) 

-½, 0, -½  -- -2x + ½, -2y + 
½, ½  

0, -2y, ½  -2x, -2y + ½,-
2z + ½  

(-x, -y + ½, z) 2x, 2y + ½, 0 2x + ½, 2y + 
½, ½  

-- -2x + ½, -2y + 
½, 0 

-2x + ½, 0, -
2z 

(x + ½, -y, z) ½, 2y, 0 0, 2y, ½  2x + ½, 2y + 
½, 0 

-- -2x, ½, -2z 

(-x + ½, -y + 
½, -z) 

2x + ½, 2y + 
½, 2z 

2x + ½, 0, 2z 2x, ½, 2z 2x, ½, -2z -- 

 
 

 c) Are there any special positions in this space group? 
 
There will be a special position with a single free parameter (c) along the 2-fold axes.  The glide 

planes will not generate special positions (as mirror planes would do). 
 
 d) Does the U atom have to occupy a special symmetry position?  
 
The uranium does not – its multiplicity will allow it to be in the general position. 
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 e) Is this space group centric? Polar? Chiral? 
 
The space group is not centrosymmetric, as no inversion centers are present.  The space group is 

achiral due to the presence of improper symmetry elements (the two glide planes).  The 
space group is polar – we do not have any need to place the origin at any particular point in 
the z direction. 

 
 
 f) Can you assign a positional coordinate for the U atom? (Think about your answer to d).) 
 
With the uranium able to occupy any general position, we are not forced to assign it a position. 

However, it would be sensible (since the space group is polar) to place the origin’s z-
coordinate over one of these uraniums. 

 
2. (20 points)  For centrosymmetric structures Sayre pointed out that for strong reflections 
 

1)F(S)F(S)F(S
321

+=·· hhh  
 
 where S is the sign of each structure factor and the Miller indices are related by h3 = h1 – h2 (i.e. 

h3 = h1 – h2, k3 = k1 – k2, � 3 = � 1 – � 2) 
 
 a) Explain in a sentence or two where such phase relationships come from.  What is the 

physical requirement that leads to them? 
 
The phase relationships obtained from Karle-Hauptmann determinants rely upon the fact that the 

electron density being solved for should be everywhere positive.  As a result, the solution of 
these determinants provide boundaries upon the phases for the structure. 

 
 b) Set up a Karle-Hauptman determinant that leads to the Sayre equation. 
 
(From the handout on K-H determinants and from lecture:) 
 

All derivatives of the type 
all derivatives of the type 
 

 F      F       F 

F             F       F 

F           F        F 

21
-

211

21

hh2h

h-hh

h-h-

0

0

0

+

  = Det > 0 (3) 

 
 
 Expanding this determinant gives equation (4).  This expansion uses the fact that            j -

h =- j h and that eíj  + e-ij  = 2 cos j . 
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Det = )cos(|F||F||F|)FFF(FF
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2
00 +-+-+- j+j-j+---  (4) 

 
 For a centrosymmetric structure the only possible phase angles are 0 or p, which is 
equivalent to saying that the structure factor is real and either positive or negative. To maximize 
equation 4 the cosine term must be +1. This requires that 0

2121 hhhh =j+j-j +- .  For a 

centrosymmetric structure this means 
2121 hhhh SSS +-- =  , where S is the sign of the structure 

factor. This is the Sayre equation. 

 
 

3. (15 points) The diagram shows a simplified, exaggerated, consequence of anomalous scattering 
in a non-centric structure. There are only two atoms, 1 and 2, and each has anomalous 
scattering, by the � f� values shown. The Argand diagram has the vertical axis as imaginary 
and horizontal as real. 

 
 
  a) The original Bijvoet technique for distinguishing enantiomeric structures simply made a 

list of the magnitudes of the observed |Fhkl| - |F-h-k-l| values versus those calculated. Today 
this is usually determined by refining the Flack value. Using the diagram below explain 
how that is done. 

 
 
 
Shown are the reversal of the imaginary 
components of each of the structure factors 
(f1, f2) shown which would be the result of 
flipping the chirality of the molecule at 
hand.  It should be clear that this would 
produce the vectors as shown, but flipped 
in the imaginary dimension (i.e., Fhkl is now 
a mirror of the old F-h-k-l).  The flack 
parameter is related to the coefficient (h) in 
front of these imaginary terms, which will 
tend strongly to 1 or -1, depending on 
whether the correct handedness has been 
chosen. So, a value of -1 for h will take Fhkl 
from the original vector to the red one 
drawn. 
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4. (20 points)    
 
The current paper by AG D. Nelson, 
T. H. Bray, F. A. Stanley, and T. E. 
Albrecht- Schmitt (Inorg. Chem., 
2009, ASAP, online) shows this 
illustration of the structure of the 
uranyl/plutonium phosphonate 
UO2Pu(H2O) 2 [CH2(PO3)(PO3H)]  2 
consisting of UO6 tetragonal 
bipyramids (gray/green) containing an 
uranyl, UO2

2+, core, and PuO8 
distorted dodecahedra (purple) containing Pu(IV) centers that are bridged by partially protonated 
methylenediphosphonate. The space group is P21/m with Z=2. 
 

 a) Looking at the figure and the space group table, what are the Wykoff positions for the U 
and Pu atoms? 

 
Looking at the diagram and the space group table, it should be clear that the mirror planes must be 
vertical (with respect to the picture) while the two-folds are left-to-right.  The result of this (and 
the multiplicity of 2 for each element) is that we need to place the Pu on the mirror planes 
(position e) and the U on an inversion center (a,b,c, or d). 
 
 

 b) What are the positional and thermal parameter constraints  for the U and Pu atom? 
 
There position of the uranium is totally constrained by its Wyckoff position, and its thermal 
parameters are unconstrained by the inversion symmetry at that position.  The Pu atoms are along 
the mirror planes and have two positional parameters which can vary (x and z).  Additionally, its 
thermal parameters are constrained: (x, -y + ½ , z) 
 
x2 becomes x 2, therefore b11 = b11.  
y2 becomes (-y)2, therefore b22 = b22.  
z2 becomes z2, therefore b33 = b33.  
xy becomes -xy, therefore b12 = -b12.  It is, therefore, zero.  
yz becomes -yz, therefore b23 = -b23.  It is, therefore, zero. 
xz becomes xz, therefore b13 = b13. 
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5. (15 points)  Explain: 
 
 

 a) Why does single crystal diffraction give discrete spots of diffraction? 
 
Many ways to explain your understanding of this phenomenon.  Some reasonable explanations 

might be: 
 
1.  Diffraction occurs when points in the reciprocal lattice come into contact with the Ewald Sphere 

(which is itself a mathematical construction representing the requirements for Bragg 
Diffraction in 3 dimensions.)  When these points come into contact with the sphere, a 
diffracted ray will be produced from the crystal which may be picked up as a point by any 
detector in the appropriate position. 

 
2. The Bragg equations tell us when diffraction of any radiation is produced by on object in the 

path of that radiation.  In a crystal lattice, we have repeating patterns in three dimensions 
producing diffraction similar in principle to what would be observed with any regular 
grating.  Because these ‘gratings’ are present in all three dimensions in the lattice, the 
reflections (bright spots which satisfy all three of these restrictions) are single points. 

 
 b) The difference between neutron and X-ray scattering is with regard to what is doing the 

scattering. How does this affect the intensity of scattering as a function of the Bragg 
diffraction angle? 

 
i.) What is doing the scattering? 

 
Scattering is instead the nucleus of the atoms, rather than the electron clouds. 

 
 
 
  ii.) How does this affect the intensity of scattering as a function of the Bragg diffraction 

angle? 
 
The result of i.) is that there will not be a dropoff in terms of 
sin(q)/l ; as a point source, the neutron scattering will have no angle 
dependence. 
 
 
 
 
 
 
 
 


