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Abstract

The present work analyses the effects of reducing the resolution of a data set on the structural
parameters of three compounds: nitratine NaNO;, gypsum CaSO,4-2H,0, and K-alum
KAI(SO4),-12H,0, characterized by an increasing degree of structural complexity. The
unexpected result is that in the case of the near absence of preferred orientation, adequate
structural information can be retrieved from data sets extending up to a minimum sinf/A value
of ca. 0.4, corresponding to a 20 value of ca. 75° for CuKa radiation, at least for compounds
of fairly moderate complexity (ca. 25 structural parameters). Therefore, in the case of
experiments collected in step-scan mode, whenever time is a limiting factor, an increase of
the peak/background ratio is more advantageous than the extension of the explored reciprocal
lattice.

Key words: X-ray powder diffraction; Rietveld method; structural data; sinf/A data extension;
nitratine, gypsum, K-alum.

Introduction diffraction experiments (Ballirano and Caminiti,

2001; Pecharsky and Zavalij, 2005). This is

Inclusion of data measured at high sinf/A has  particularly true for structural data obtained from
been claimed to positively affect the accuracy of  diffraction patterns collected on virtually texture-
both individual atomic displacement parameters  free samples, such as those prepared as capillary
and site populations extracted from powder mounts. However, there as been no systematic
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analysis of this effect. Accordingly, the present
work investigates the effect of reducing the
resolution of a data set on the relevant structural
parameters of nitratine NaNOj;, gypsum
CaS0, 2H,0, and K-alum KAI(SO,),12H,0.
The same nitratine and gypsum samples have
been analysed using a different, albeit similar,
instrumental setup (Ballirano and Melis, 2009;
Ballirano, 2011a), obtaining structural parameters
very close to those from single-crystal structure
refinement (SCSR). The results of the present
investigation are expected to provide information
for optimizing data-collection strategies,
especially at non-ambient conditions, whenever
fast data-collection is required. This information
is particularly useful for experiments done on
laboratory instruments (Ballirano et al., 2010;
Ballirano, 2011b) without the help of high

intensity X-ray sources.

Experimental

The nitratine used here is an analytical-grade
Merck product 6546, the gypsum is an analytical-
grade Analar product 10071, and K-alum crystals
were synthesised by precipitation in aqueous
solution from a stoichiometric mixture of
Aly(SOy4) 3-18H,0 (alunogen: purum p.a. Fluka
06421) and K,SO, (arcanite: purum p.a. Fluka
60533). Samples were ground in an agate mortar
and the corresponding powders were charged in
borosilicate-glass capillaries of 0.7 mm diameter.
Data were collected, in transmission mode, using
Cu-Ka radiation with a Bruker AXS D8 Focus
operating in 6/20 geometry and equipped with
2.3° Soller slits placed along both incident and

diffracted beams and a solid-state SolX detector.
The 0.634 A,
corresponding to 20 155° for CuKa radiation.

maximum sinB/A  was
Diffraction data were processed by the Rietveld
method using TOPAS V.4.2 (Bruker AXS, 2009).
This program uses the Fundamental Parameters
Approach FPA (Cheary and Coelho, 1992),
which is believed to improve the stability and
quality of the refinement. Peak shape was
modelled using a simple axial model (value
refined) and the size of the divergence (0.3°=0.6
mm) and receiving slit (0.2 mm). For modelling
of microstructure effects the Double-Voigt
Approach was used (Balzar, 1999), where
crystallite size and strain comprise Lorentzian
and Gaussian component convolutions varying in
20 as a function of 1/cosO and tanf respectively.
The background was fitted with a Chebyshev
polynomial of the first kind. Absorption was
refined following the formalism of Sabine et al.
(1998) for a cylindrical sample correcting for the
resulting peaks shift. Due to the strong correlation
between absorption and displacement parameters,
a successful approach was used (Ballirano and
2006 a,b).
refined while

Maras Initially, the absorption

parameter was fixing the
displacement parameters to reference data and,
subsequently, it was fixed allowing refinement of
the individual displacement parameters. Preferred
modelled with

harmonics following Jarvinen (1993). Selection

orientation was spherical
of the number of terms was done following
Ballirano (2003). The values of the spherical-
harmonic terms were extremely small, as
expected for a capillary mount. Reference starting
structural data of the samples are indicated in
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Table 1. Reference starting structural data of the four
analysed compounds.

Sample Reference

nitratine Gonschorek et al. (1995)
gypsum Boeyens and Ichharam (2002)
K-alum Nyburg et al. (2000)

Table 1, a list of the refined structural parameters
and the number of reflections observed up to
sinB/A = 0.634 A™! is shown in Table 2. For both
gypsum and K-alum, hydrogen-atom positions
and displacement parameters were kept fixed to
the corresponding value of the reference data.
The following constraints were imposed on the
displacement parameters of K-alum: O3 = O3A
and O4 = O4A, to reduce correlation among
positional, occupancy and displacement
parameters due to the occurrence of two different
SO4-group orientations within the structure
(Larson and Cromer, 1967). For nitratine, Na and
O were refined anisotropically.

Two different refinement strategies were

adopted in order to evaluate the occurrence of

local (instead of global) minima. The first was to
expand sequentially the data, progressively
increasing the maximum value of sinf/A and
refining the absorption parameter for each
refinement. The second procedure was to refine
of the fully extended data and then progressively
reduce the maximum value of sinf/A until a
stable refinement was possible. The latter
strategy implies the use of a single absorption
parameter for all refinements.

Discussion

Results of the structure refinements with the
fully extended data sets are consistent with the
reference data. The largest discrepancy in bond
distances with respect to those from SCSR
reference data is 0.019 A, but more commonly
is < 0.01 A. Conventional R indices and cell
parameters of each sample are reported in Table
3. Refinement of the K alum structure reveals the
occurrence of minor unreacted alunogen
[3.80(11) wt.%] and tamarugite
[NaAl(SO4),-6H,0: 0.59(4) wt.%]. Both phases
added to the without

were refinement

Table 2. List of the refined structural parameters, spherical-harmonic terms, treatment of displacement
parameters, number of the reflections observed up to sinf/A = 0.634 A-!, and reflection/structural parameters

ratio at sinf/A= 0.634 AL,

Sample Structural Dispacement  Sph. harmonics Reflections up to  Refl./struct.
parameters parameters terms sinB/A = 0.634 A" parameters
nitratine 8 anisotropic Na, O 6 90 11.3
gypsum 16 isotropic 3 536 33.5
K-alum 23 isotropic, 4 647 28.1

partly constrained
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Table 3. Conventional R agreement indices, space groups, and cell parameters of the four samples as obtained
from the refinements of the fully extended data sets. Agreement indices as defined in Young (1993).

Sample R, Ry, GOF DWd Rp,,, Space a(A) b(A) c(A) B () vol. (A%)
group
nitratine 6.58 8.85 1.55 098 1.50 Fdm 5.06757(7) =a 16.8148(3) 90° 373.928(13)

gypsum 5.07 643 122 143 189 (C2/c 6.28215(10) 15.1970(3) 6.52409(12) 127.4185(11) 494.681(18)

K-alum 3.48 474 156 1.00 146 Pa  12.15627(5) =a =a 90° 1796.39(2)
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Figure 1. Conventional Rietveld plots of the refinement of the fully extended diffraction data of K-alum. Vertical
bars refer to Bragg reflections of, from above to below, K-alum, alunogen, and tamarugite.

optimization of their structures, except for the cell ~ set consists of 647 strongly overlapping
parameters (Figure 1). The fully extended data-  reflections due to identical 4>+ k> + /2, leading to
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31 unique Bragg peaks. In particular, 20 of the 54
reflections up to a 20 = 50° are singlets. 23
structural parameters and 4 spherical harmonics
terms up to the 8" order [k41 = -0.001(4); k61 =
0.009(4); k62 =-0.026(5); k81 =-0.002(5)] were
refined.

The <S-O> bond distances for the two
statistically disordered tetrahedra are 1.472 A
and 1.487 A for the more abundant and less
abundant configuration, respectively. These
values are both reasonably close to 1.48 A,
reported by Bergerhoff and Brandenburg (1985)
as the average S-O bond distance observed in
sulphate inorganic
compounds. Nyburg et al. (2000) obtained <S-
O> distances of 1.466 A and 1.450 A whose
shortening with respect to the expected value
was attributed to the effect of libration. The Al-
O bond distance is 1.8797(15) A and compares
favourably with 1.875(1) A from reference data.
The K-O bond distance is 2.9465(18) A, slightly
shorter than 2.954(1) A reported by Nyburg et
al. (2000). Finally, the & disorder parameter was
refined to 0.676(3), a value that is smaller than
0.697(5) and 0.70(3) reported by Nyburg et al.
(2000) and Larson and Cromer (1967),
respectively. Isotropic-displacement parameters

groups occurring in

are in close agreement with the reference data,
the only exception being O4 = O4A, which is
moderately underestimated (ca. 40%). The effect
of such underestimation could possible affect the
slightly smaller & parameter obtained in the
present refinement as compared to both Larson
and Cromer (1967) and Nyburg et al. (2000).
Analysis of the dependence of the structural
parameters from data extension provides

interesting albeit unexpected results (Figures 2
a-e). First, the trend is independent at the 1o
level from the refinement strategy used, the only
exception being the displacement parameters.
This behaviour is due to the strong correlation
between displacement parameters and absorption
correction. However, the refined absorption
parameter has relatively small variations, being
in the range 1.41-1.59 and as a result, the
corresponding differences in the displacement
parameters obtained from the two refinement
strategies are not relevant. The surprising result
is that no significant differences (i.e. exceeding
in bond distances,

1o) were observed

displacement parameters, and k& disorder
parameter, down to a sinB/A value of ca. 0.4,
corresponding to a 26 value of ca. 75° for CuKa
radiation. This sinf/A value corresponds to a
ratio of reflections/structural parameter of ca. 7.
It is clear that this ratio does not have the same
meaning that it takes for single-crystal X-ray or
1993) due to

overlapping reflections; keeping this in mind, it

neutron diffraction (Young,

is reported to provide a further parameter to be
evaluated. Finally, a stable and meaningful
refinement was still possible at a sinf/A value of
0.274, corresponding to a 26 value of 50° for
CuKa radiation.

Similarly, the refinement of the gypsum
structure provided similar results using both
refinement strategies. The fully extended data-set
consists of 536 heavily overlapped reflections. A
total of 16 structural parameters were refined
along with 3 spherical-harmonic terms up to 2
order [y20 =0.152(7); y22m = 0.013(7); y22p = -
0.184(5)]. The two S1-O1 and S1-O2 distances
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Figure 2. Dependence of the structural parameters of K-alum from data extension: a) <S-O> bond distances; b)
Al-O bond distance; ¢) K-O bond distance; d) Uiso isotropic-displacement parameters; ¢) k disorder parameter.
Legend: af = absorption fixed; ar = absorption refined; B&B (1995) = Bergerhoff and Brandenburg (1995); N

(2000) = Nyburg et al. (2000).

are 1.472(4) A and 1.484(3) A, to be compared
to 1.4750(10) A and 1.4760(7) A reported by
Boeyens and Ichharam (2002). The Cal-O bond
distances of the Cal-Og polyhedron are similar to
those from SCSR, the largest differences being
Cal-O3 x2 of 2.389(4) A relative to 2.370(1) A

for the reference data. It is worth noting that O3
is the oxygen atom of the water molecule and the
small difference (< 0.02 A) may be possibly
ascribed, at least partly, to the effect of keeping
fixed in the present refinement both the
and

hydrogen-atom fractional coordinates
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displacement parameters. The same effect could
be invoked to explain the largest (albeit small)
difference among all the displacement parameters
shown by O3 (0.0185(8) A% as compared to
0.0241(18) A? of Boeyens and Ichharam, 2002).
The approximation of modifying the scattering
power of the water molecule oxygen atom to
include the contribution of bonded hydrogen
atoms (Ballirano et al., 2001) was tested.
However, it produced both a worse set of
agreement indices and a further lengthening of
the Cal-O3 bond distances and this approach was
discontinued. As far as the dependence of the
structural parameters on data extension, S-O
distances are the most sensitive (Figure 3a). In
fact, at a value of sinf/A of ca. 0.4, they tend to
progressively increase. Of the four independent
Ca-O distances, only Cal-O1 and Cal-O3 show
marginal shortening, which starts for a sinf/A
value of ca. 0.4 (Fig. 3b). The behaviour of the
isotropic-displacement parameters is more
irregular (Fig. 3¢). However, below sinf/A of ca.
0.4, the various values (excepted for O1) start to
increase significantly. This behaviour is related
to the progressive decrease of the refined
absorption parameter from 2.91 to 2.57 as the
data-set is reduced. It is worth noting that the
sinf/A value of ca. 0.4 corresponds to a ratio of
reflections/structural parameter of ca. 7. As in the
case of K-alum, a stable and meaningful
refinement was still possible at a sinB/A value of
0.274.

The fully extended diffraction pattern of
nitratine contains 90 well-spaced reflections with
only marginal overlap. 8 structural parameters
and 6 spherical-harmonic terms up to 6" order
[»20 = -0.315(9); y40 = -0.008(10); y43m = -
0.023(7); y60 = 0.0077(9); y63m = 0.034(7); y66p
= 0.002(7)] were refined. The N-O and Na-O
bond distances are in excellent agreement with
those reported by Gonschorek et al. (1995):
1.2445(10) A compared to 1.2453(7) A, and
2.4007(5) compared to 2.4022(5) A, respectively.
Moreover, very good agreement with reference
data was observed for anisotropic- and isotropic-
displacement parameters. The dependence of
structural parameters from data extension shows
the same behaviour for both refinement
strategies. Therefore, the results from the
progressive reduction of the maximum sinB/A
will be presented (Figure 4a-e). In this case, the
refinement becomes unstable at sinf/A values
smaller than 0.349, corresponding to a 26 value
of 65°
parameters are within 20 of those obtained from
the fully extended data set up to sinf/A of ca. 0.4.
This
reflections/structural parameters of ca. 2.

for CuKo radiation. All structural

value corresponds to a ratio of
Evaluation of the dependence of the spherical-
harmonic terms from data extension shows only
a moderate variation starting below a sinf/A

value of 0.349 (Figure 5).

Figure 3. Dependence of the structural parameters of gypsum from data extension: a) S-O bond distances; b)
Ca-0O bond distance; ¢) U, isotropic-displacement parameters. Legend: B&I (2002) = Boeyens and Ichharam

(2002).
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Figure 4. Dependence of the structural parameters of nitratine from data extension: a) N-O bond distances; b)
Na-O bond distance; ¢) Na UY anisotropic-displacement parameters; d) N U, isotropic-displacement parameter;

e) O Ul anisotropic-displacement parameters.

Conclusions

In the case of the near absence of preferred
orientation, adequate structural information can
be retrieved from data sets extending up to a
minimum sin6/A value of ca. 0.4, without

imposing bond-distance constraints, at least for

compounds of moderate complexity (ca. 25
refined non-hydrogen structural parameters). For
K-alum and gypsum, the effect of a relatively
high ratio of reflections/structural parameters (7)
is partly offset by the occurrence of heavy
overlapping peaks. On the other hand, for
nitratine, refinement stability is still reached for
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Figure 5. Dependence of spherical-harmonic terms of nitratine from data extension.

a significantly smaller over-determination ratio
of 2. However, owing to the absence of
overlapped peaks, this value takes a significance
close to that commonly accepted in single-crystal
refinement. The behaviour is expected to be
significantly different whenever data are affected
by texture. In this case, the intensity misfit is
heavily compensated by the spherical-harmonic
terms that are expected to vary significantly as a
function of the maximum sinB/A as more and
more reflections influenced by preferred
orientation are added to the refinement.
Therefore, for experiments in step-scan mode,
virtually unaffected by texture, it seems more
advantageous to increase the peak/background
ratio instead of extending the amount of
reciprocal lattice explored.
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