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Indexing 

1. Obtain a good sample, preferably single-phase
Indexing of multi-phase powder pattern is not a trivial problem:

• Dinnebier et al. : Acta Cryst. (1997). B53, 153-158

• Vaughan et al. : Journal of the Chemical Society, Dalton Transactions (1999)(1) 79–84.
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for each reflection can be measured with reasonable 

are functions of unit cell dimensions

The indexing problem
❖ Single Crystal:

❖ Unit cell and symmetry unambiguous

❖ Each reflection:  correct Miller indices hkl

❖ Diffracted intensity (structure amplitude 
|F|hkl ) accurate

❖ Powder:

❖ nothing of all this known …

❖ Informations in a powder pattern:

❖ Peak positions as function of unit cell 
dimensions

❖ Peak shapes

❖ Integrated intensities
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Alkali metallocenes can be synthesized as powders. 
To determine their structures we have undertaken a 
series of high-resolution synchrotron radiation powder 
diffraction experiments and it turned out to be possible 
to make an ab init io determination of these structures 
from the powder pattern. The structures of LiCp, NaCp 
and KCp have been solved previously and will be 
described elsewhere (Dinnebier & Olbrich, 1997). Here 
we report on the RbCp sample. Two different crystal- 
line modifications have been found with exactly the 
same chemical composition. To our knowledge, it is the 
first time that such an observation has been made for a 
metallocene. These results are a noteworthy illustration 
of the power of high-resolution X-ray powder diffrac- 
tion, because the structures of both modifications have 
been determined from a single powder spectrum.* An 
analysis is given of the bonding in these crystals and the 
origin of the bent versus  coplanar conformations is 
discussed in terms of interatomic distances. 

2. Experimental 
All manipulations of solvents and substances were 
carried out under an atmosphere of dry argon using 
standard Schlenk and vacuum techniques. Cyclopenta- 
dienylrubidium was prepared similar to the method 
described in the literature (Fritz & Schaefer, 1964). 
Rubidium metal reacted with monomeric cyclopenta- 
diene in tetrahydrofuran at room temperature. The 
colorless solution was filtered and most of the solvent 
was distilled off until the product started to precipitate. 
Cyclopentane was added to complete precipitation. The 
white product was dried at 348 K and 3 x 10 -3 Torr. 
The yield was 75 %. 

For the powder X-ray diffraction experiments the air- 
and moisture-sensitive samples were sealed in glass 
capillaries of 0.7 mm diameter. High-resolution powder 
diffraction data were collected at room temperature at 
the SUNY X3B1 beamline at the National Synchrotron 
Light Source, Brookhaven National Laboratory. X-rays 
of wavelength 1.15 A, were selected by a double Si(111) 
monochromator. The diffracted beam was analyzed 
with a G e ( l l l )  crystal and detected with a Na(TI)I 
scintillation counter with a pulse height discriminator in 
the counting chain. The incoming beam was monitored 
by an ion-chamber for normalization for the decay of 
the primary beam. In this parallel beam configuration 
the resolution is determined by the analyzer crystal 
rather than by slits. Data were taken for 15 s at each 20 
in steps of 0.01°20 from 2 ° to 56°20 over a single bunch 
time (maximum 100 mA current). 

Although 0 scans did not show serious crystallite size 
effects, the sample was rotated during measurement for 

* The numbered intensity of each measured point on the profile has 
been deposited with the IUCr (Reference: SE0204). Copies may be 
obtained through The Managing Editor, International Union of 
Crystallography, 5 Abbey Square, Chester CH1 2HU, England. 

better statistics. Low-angle diffraction peaks from 
RbCp had a full width at half-maximum (FWHM) of 
0.015°20 for phase I and 0.07°20 for phase II, the latter 
significantly broader than the resolution of the 
spectrometer. 

At first indexing the reflections with a single lattice 
was tried. All attempts failed, using various methods 
(Visser, 1969; Werner, 1964). Inspection of the peak 
width in the low-angle region where the reflections are 
reasonably well separated revealed that they largely fell 
into two populations: narrow peaks which are essen- 
tially resolution-limited and others which are at least 
three times broader at all angles. The widths were 
determined with the correct geometric correction for 
low-angle asymmetry due to axial divergence (Finger, 
Cox & Jephcoat, 1994; Stephens, unpublished). The 
width of those peaks which were sufficiently resolved 
from their neighbors are plotted in Fig. 1. The set of 
narrow peaks could be indexed to an orthorhombic cell 
(I, Table 1). A preliminary le Bail fit (le Bail, Duroy & 
Fourquet, 1988) using the program F U L L P R O F  (Rodri- 
guez-Carvajal, 1990) worked well after fixing the lattice 
parameters. The difference curve now clearly showed 
the second phase which could be used in a second 
indexing process, resulting in a different orthorhombic 
cell (II, Table 1). Once the two phases were indexed, 
we went back to the data in Fig. 1 and found that several 
of the peaks consisted of unresolved overlaps (marked 
with open circles in Fig. 1). When these are removed 
the division between the two phases by diffraction peak 
width is extremely clean. The fitted FWHM's  from the 
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Fig. 1. Plot of individually fitted FWHM versus 20 for both phases of 

RbCsH s. The FWHM ratio between phase I and phase II is 
approximately 3 over the entire angular range, enabling a clear 
separation of the two phases. The open circles denote peaks which 
cannot be clearly separated due to severe overlap. 

1.Good sample — preferably single-phase

❖ Indexing of multi-phase 
powder patterns is not trivial:
❖ Dinnebier et al., Acta Cryst. 

B53 (1997) 153-158.
❖ Vaughan et al., J. Chem. Soc., 

Dalton Trans. (1999) 79–84.

 Plot of individually fitted FWHM versus 20 for both 
phases of RbCsHs. The FWHM ratio between phase I 
and phase II is approximately 3 over the entire angular 
range, enabling a clear separation of the two phases. 
The open circles denote peaks which cannot be clearly 
separated due to severe overlap.
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1. Obtain a good sample, preferably single-phase 

2. Measure the best quality powder pattern
• Choose the best technique. High resolution (X-ray) helps. Exploit differential thermal 

expansion

• Well-known zero-shift
o A zero point error is much more serious than statistical errors of the same magnitude

o V(2T) should be less than 0.02°

Choose the best technique:

Conventional 
lab. x-rays

High resolution 
lab. x-rays

Synchrotron x-
rays

Low-resolution 
neutrons

High resolution 
neutrons

fair � � poor �

2. Choose the best technique
1.Good sample — preferably single-phase

2.Best quality powder pattern

❖ Best technique: sorry to say, but HiRes XRD helps

❖ Trickbox: differential thermal expansion

❖ Well-known zero-shift (2ϴ0)

❖ more serious than statistical error of same magnitude 

❖ σ(2ϴ) < 0.02º
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3.≥ 20 accurate low angle peak positions

1.Good sample — preferably single-phase

2.Best quality powder pattern

❖ Best technique: High Resolution XRD

❖ Well-known zero-shift (2ϴ0)

3.Determine at least 20 accurate low-angle peak positions

❖ Synchrotron XRD w/ parallel geometry ➝ high resolution monochromators

❖ Include weak lines

❖ Deduce likely space groups from peaks present and those systematically absent
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Indexing in reciprocal space

❖ Bragg’s law: n𝜆= 2d sin𝜃 ⇒ 1/d2 = (2sin𝜃/𝜆)2

❖ d-spacing: d=ha+kb+lc ⇒
❖ 1/d2=h2a*2+k2b*2+l2c*2+kl·2b*c*·cos𝛼*+hl·2b*c*·cos𝛽*+hk·2b*c*·cos𝛾*

❖ Q(hkl)=h2A+k2B+l2C+klD+hlE+hlF with Q = 1/d2

❖ Goal: Finding the six constants A … F …
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Classic indexing software
❖ ITO

❖ J.W. Visser, J. Appl. Cryst. 2 (1969) 89.

❖ Good for unit cells of compounds in low symmetry

❖ TREOR

❖ P.E. Werner, Z. Krist. 120 (1964) 375.

❖ Trial- and error method, seperately for cubic, hexagonal, tetragonal, orthorhombic, 
monoclinic and triclinic systems

❖ DICVOL

❖ D. Louër, J. Appl. Cryst. 18 (1972) 271. A. Boultif, D. Louër, J. Appl. Cryst. 37 (2004) 
724.

❖ Successive dichotomy method, originally not for monoclinic and triclinic lattices.
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Implementation in FullProf suite
❖ WinPlotR (2006) allows 

convenient peak extraction
❖ These peaks can be redirected 

to DICVOL or TREOR (or ITO) 
The result of indexing is 
redirected into an pcr file

❖ This file permits a Le Bail fit to 
check the solution

❖ The extracted intensities allow 
for a space group 
determination
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WinPlotR-2006: Peak search

❖ Calculations ➝ Peak detection 
➝ Enable

❖ Calculations ➝ Peak detection 
➝ Auto detection

❖ Calculations ➝ Peak detection 
➝ Insert / Delete peak
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WinPlotR-2006: Save peaks
❖ Calculations ➝ Save peaks➝ 

Dicvol Format
❖ Change options, give 

wavelength
❖ Run Dicvol …
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Le Bail fit with DICVOL solution
❖ The PCR file is automatically 

generated.
❖ Minor editing: wavelength, 

Instrument format, peak profile
❖ Running FullProf with it will do a 

Le Bail fit (further refinements on 
peak-shape parameters, zero shift 
and lattice parameters are 
possible)
❖ U,V,W,X,Y
❖ zero-shift, lattice constants
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CheckGroup
❖ CheckGroup suggests a 

space group based on the 
extracted integrated 
intensities.
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Another exemple …

PbSO4 with TREOR Cu-K𝛼
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Another exemple …

PbSO4 with TREOR Cu-K𝛼
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