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Presently, one challenge in structural determination is to
describe the detailed atomic order in complex powders such
as natural samples or materials involved in industrial pro-
cesses (cement manufacturing, production of chemicals,
mineral extraction). Classical X-ray powder diffraction is a
key technique for this investigation but it has intrinsic
limitations, especially the difficulty in discriminating between
elements with similar atomic numbers or occupying neigh-
boring sites.

In the study of complex samples (structures with large cell
parameters), an “acceptable” fit can correspond to a false local
minimum, with inappropriate attribution of electron density to
a given element compensated by an inaccurate localization or
quantification of other atoms in the unit cell. A common and
difficult problem in powdered samples is the detailed study of
mixed powders (with either several phases or a range of atomic
occupancies in the same phase), as occurs in minerals and in
industrial preparations. Furthermore, chemical or physical
properties are generally driven (or at least affected) by the
localization of some specific atoms in a mixture.

Two different methods are used to enhance the chemical
contrast between elements in powder diffraction techniques.
The first one uses neutron diffraction, since the nuclear
scattering length is not related to the atomic number. The
efficiency of this technique for contrast studies is, in general,
satisfactory, but it requires large samples, and the high
resolution obtained with synchrotron radiation cannot be
achieved in current neutron diffractometers. This last point is
primordial for powder diffraction, where reflections may
overlap on the one-dimensional diffraction pattern. The
second method uses resonant X-ray diffraction. The variation
of the resonant scattering contribution near the edge of a
given atom affects the contribution of this specific atom to the
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diffracted intensities.!'! Based on this effect, a site-selective
technique, namely diffraction anomalous fine structure
(DAFS) has been developed that combines diffraction and
spectroscopic measurements.”! Moreover, the anomalous
effect provides an elegant and efficient way of solving the
structure factor phase problem in bio-crystallography by the
so-called multiwavelength anomalous diffraction (MAD)**!
and single-wavelength anomalous diffraction (SAD) meth-
ods.”% The software and the experimental developments
dedicated to these studies, as well as the worldwide avail-
ability of synchrotron radiation, have made this a well-
established method that is routinely used by structural
biologists.""! A third type of application uses the chemical
sensitivity of resonant diffraction to extract the contribution
of a single element in a given crystallographic site and this
resonant contrast diffraction (RCD) is the focus of the
present contribution.

The specificities of the RCD method were demonstrated
on powders in the 1990s.>"! Thanks to partial Patterson
density maps and maximum entropy methods (MEMs) it was
possible to use resonant diffraction for ab initio structure
determination.'® However, this ab initio structure solution
method can become inefficient for complex powder samples
due to the small number of non-overlapping reflections, and
direct space methods such as those based on genetic
algorithms and simulated annealing!"”! are generally used to
solve the structure of organic samples of high interest for the
pharmaceutical industry.'® It has been shown that differential
anomalous scattering and partial structure factor analysis are
efficient for studying amorphous-like materials such as
glasses, liquids, nanoparticles, and also crystallized cata-
lysts."*?l They have also been used for quantitative analysis
of minority phases such as Pt-metal inclusions in amorphous
or crystalline substrates. Nevertheless, this resonant techni-
que is still not widely used in powder diffraction, probably due
to its relative complexity. Herein, we make use of recent
advances in both MAD methods used in bio-crystallography
and DAFS methods used for site-selective spectroscopy to
show that accurate localization of atoms in powders is
possible by the routine use of “anomalous differential
patterns”. The gain in the multi-wavelength powder data
refinement allows a direct visualization of these atoms by
“dispersive difference maps”.

Owing to the superposition of (hkl) and (—h—k—I)
reflections in powder diffraction diagrams, the SAD method
(based on f’ variation and calculations of Bijvoet difference
maps) cannot be used. In powder diffraction, the intensity
difference is mainly a function of Af (Af is the difference
between the two f values for the same resonant element at the
two data collection energies) and can allow the calculation of
“dispersive difference maps”, as performed currently by bio-
crystallographers: the scattering contrast for a defined
element is obtained by collecting data at two different
photon energies. The Bragg intensities in powder diffraction
data are much weaker than in single-crystal studies, and the
relative weakness of the anomalous f and f’ contribution (—8
to —5 electron unit (eu) for transition metals) compels us to
collect patterns with very good statistics and to eliminate
systematic errors.
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Herein, this multiwavelength approach using resonant
scattering is developed and validated by the analysis of a well-
crystallized solid of industrial interest: hydrated SrRbX
zeolite.”!! This sample, in which both Sr** and Rb* ions
have the same number of electrons (Z=36 eu), is a partic-
ularly difficult case for conventional X-ray diffraction.
Neutron diffraction is also unable to discriminate between
the two nuclei because their scattering lengths are too close:
b(Sr) =0.702 x 10~ m and b(Rb) = 0.709 x 10~* m. In X-type
zeolites the cations compensate the negatively charged

framework. In a first step, SrX was prepared by aqueous
ion-exchange from NaX.?? The dicationic SrRbX sample was
then obtained from SrX by the same chemical process. Its
composition (Sr,sRb;sNa, AlSi; 1303554211 H,0) was deter-
mined by elemental and thermogravimetric analyses. Dif-
fraction measurements were performed on the BM2 beamline
at the European Synchrotron Radiation Facility (ESRF).

To validate our methodology, diffraction patterns with a
s =1/d = 2sin6/2 range up to at least 1.0 A~', were collected in
Debye—-Scherrer geometry on the hydrated STRbX sample at
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Figure 1. Influence of anomalous effects at the strontium and rubidium edges on the intensity of various reflections of diffraction patterns col-
lected for hydrated SrRbX: A) Measured diffraction data and calculated diagram recorded for a hydrated SrRbX sample at Eys, —1300 eV; insert:
zoom of diffracted and conventional difference diagram for 0.10 A=' < 1/d < 0.29 A~". B) Comparison of the measured and calculated “anomalous
differential patterns” at the rubidium K absorption edge (difference between diagrams obtained at Eys, —10 eV and Eys, —1300 eV). The calculated
pattern is shifted along the x axis for better visualization of the intensity variations, C) Same figure as (B) but performed at the strontium K

absorption edge. For (B) and (C) the same intensity normalization was applied.
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three energies: about 10 eV below the rubidium and the
strontium K absorption edges (Exg,=15.192 and Fxq,
=16.096 keV, respectively) and at 14.800 keV, far below
both edges. Figure 1 A shows the diffraction pattern collected
at Exs, —1300 eV. The high quality of the diffraction patterns
enables the observation of intensity variations with energies
exceeding the background noise. The anomalous effect can be
clearly seen in the two anomalous difference patterns
calculated from data collected at Egg, —10eV and Egg,
—1300 eV at the strontium absorption edge (and at Egg,
—10eV and Egg, —400eV at the rubidium absorption
edge), so that they can be taken into account in the pattern
refinement (Figure 1B,C).

This data set has been refined with FULLPROF, a
multipattern profile refinement software that uses the Riet-
veld method.?*! As it is very often the case in industrial or
mineral compounds, where the framework structure is
roughly known, we do not need ab initio methods: in X-
type zeolites we can introduce the basic framework atomic
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positions in the refinement. The initial relative intensities of
the different peaks that contribute to overlapped reflections,
and the rough initial phases determined by these positions,
allow us to calculate an initial Fourier map from the
amplitude of the “observed” structure factors and the
calculated phases. These Fourier maps are proportional to
the electron density of the structure and already give a rough
and non-element-selective localization of all extra-framework
atoms (cations, molecules such as water, etc.). In X-type
zeolites the cations and water are normally located at the
well-known sites I, ', II, IT', and IIT (Figure 2 A). However,
they can be introduced in the refinement only as electron
densities, with no assumption of the atom type. Figure 2B
shows the electron density calculated for the hydrated STRbX
sample in a plane (hereafter labelled P) containing the two
(111) axes shown schematically in Figure 2 A. The occupan-
cies of the different atoms (cations, water) are normally
differentiated only by a chemical knowledge of the usual
atom-to-framework distances. By using resonant diffraction
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Figure 2. Strontium and rubidium cation localization in a water-saturated SrRbX sample: A) Localization of the main cationic sites in the unit cell

of X-type zeolite. Sites I, I', Il', II, and 11l are labeled SI, SI, SII', Sll, and SlII, respectively. Plane P, defined by the intersection of two <111 >
axes, is represented in dark gray. B) Fourier map in the P plane calculated from diffraction data measured at E¢s,=—1300 eV. Electronic densities
appear at sites |, I, II', and II. C) Dispersive difference electron-density maps calculated at the rubidium K absorption edge (Af (Rb) =4.3 e.u.). D)

Same figure as (C) but performed at the strontium K absorption edge (Af (Sr) =4.6 e.u.). Electronic density at site 11" cannot be attributed to rubi-

dium or strontium cations.
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at the edge of one of these atoms, we can calculate the
difference between the electron densities determined from
patterns collected at various energies. This corresponds to
Fourier maps (“dispersive difference maps™”) in which the
amplitude of the Fourier coefficients is proportional to the
difference of the structure factors of both energies, so that the
corresponding density is proportional to the variation of the
real anomalous term of the resonant scatterers (Af) (this has
been confirmed by an RCD study of a hydrated SrX sample at
the Sr** K absorption edge).”” “Dispersive difference maps”
(P plane) have been obtained at both the Rb* and Sr**
absorption edges on hydrated SrRbX (Figure 2C,D): no
noticeable intensity appears at the localization of the frame-
work atoms. These results show that the use of “dispersive
difference maps” enables not only resonant cation local-
ization but also their quantification.

It is obvious that accurate values for the anomalous
scattering factors f and f’ are needed. For each data
collection energy, values for the cation anomalous terms f
and f’ were determined experimentally. At energies far from
the absorption edges of the considered element they are not
influenced by the chemical environment; tabulated values for
the free atoms are therefore satisfactory.” For energies close
to an absorption edge, the f and f’ values have to be
determined directly for the sample studied since absorption
edge displacements due to valence variations and fine-
structure oscillations can strongly modify their values. When
performing diffraction measurements, the easiest method
consists in collecting absorption spectra in fluorescence or
transmission mode. Values for f and f’ can then be obtained
with the Kramers—Kronig relationship.””? As shown in
Figure 3, corrections of f and f’ values close to the absorption
edge may reach 10 %, and accuracy is directly related to the
quality of the experimental determination of f and f".

Both types of information (cation localization and anom-
alous scattering factors) were introduced into a structural
model, thereby enabling the calculation of diffraction dia-
grams at Eyg. —10 eV and at Egg, —10 eV. A comparison of
the calculated and measured “anomalous differential pat-
terns” at both the rubidium and strontium absorption edges
shows a close agreement between the two (Figure 1 B,C). Such
“anomalous difference patterns” are extremely sensitive to
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Figure 3. Rubidium f and f’ values determined as a function of energy
by using the Kramers—Kronig transformation of strontium K absorption
data measured on a hydrated SrX sample in transmission mode.
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resonant atom location and occupancy, and are a key agree-
ment test for various atom occupancies in sites occupied by
chemically different cations.”®!

The high resolution of our data collection enables a mixed
population of site II to be detected in the initial Fourier map
derived from the data collected at Ex g, —1300 eV (Figure 2B)
from the weak splitting of the peak at site II. Each extra
framework species (Sr**, Rb*, Na*, H,0) has a given radius
and its position depends on the bond length between the
cations and the oxygen atoms of the framework. Here also the
occupancies of the different atoms corresponding to such a
splitting can be determined independently by the use of
“dispersive difference maps” obtained at both the Rb* and
Sr** absorption edges (Figure 2 C,D). It appears that Sr** ions
occupy sites I' and II, whereas Rb" ions are located mainly at
site II but also at sites I and I'. The presence of both cations at
sites I and I is thus proven and can be directly seen in these
differential electron-density maps.

The accuracy of this methodology can also be illustrated
by a study of the population in sites I and II'. Classical
refinement of the diffraction patterns of the hydrated STRbX
sample leads to identical results irrespective of whether these
sites are considered as being occupied solely by residual, non-
exchanged sodium cations or by a combination of sodium and
rubidium cations. The difference anomalous Fourier map at
the rubidium edge simulated for both site I occupation
possibilities confirms the presence of Rb* cations at this site.
Moreover, using the same strategy, anomalous diffraction at
the rubidium K absorption edge shows the unique presence of
water molecules in site II' (Figure 2 C).*

Based on the experimental improvement of data collec-
tion achieved with DAFS spectroscopy and applied by using
the MAD principles, a methodology has been developed for
powder-sample analysis that optimizes the use and the
interpretation of anomalous information. Our aim was to
validate, using a real-world example, the resonant scattering
method for contrast studies in complex powders with mixed-
occupancy sites. We have shown that, even in powder samples
with considerable reflection overlap and with a basically
known framework, the use of “dispersive difference” electron
density maps allows an easy localization of the resonant
atoms. The use of “anomalous difference patterns” enables
good agreement factors to be achieved for accurate local-
ization. These two specific difference tools can also be used
with powders containing several phases. The application of
these methods can be extended to numerous materials in
geology, industry, and environmental studies to localize
transition metals or heavy atoms. It can also give their
valence by the use of diffraction anomalous near-edge
structure (DANES) spectroscopy™>* with powders; that is,
refinement of the f value to extract the chemical shift in the
resonant-atom absorption edge. The extension of resonant
contrast diffraction to measurements in situ can also be
foreseen for the analysis of the evolution of atomic order
during chemical reactions.
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