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Abstract. The structure of ammonium azide (NH,)N; was (re-)deter-
minated ab initio from x-ray powder diffraction experiment using
synchrotron radiation. We tried to detail and comment the different
steps involved in the structure determination. The compound crysta-
Ilize in the orthorhombic Pmna space group (no.53) with a = 8.937(1)
A, b=3.8070(5) A, c = 8.664(1) A, V =294.79(7) A3, Z = 4. It was
possible to locate and refine the hydrogen coordinates, in two diffe-
rent approaches, and to establish the H-bonds. The final structural
parameters are in good agreement with previous results based on
three-dimensional neutron diffraction.

Key words: Ammonium azide; x-ray diffraction; structure determi-
nation.

Resumen. La estructura de |a azida de amonio (NH,)N; fue redeter-
minada mediante ab-initio a partir de los datos de difraccion de rayos
X empleando eadiacion de sincrotrén. El compuesto cristaliza en el
grupo espacial Pmna (no.53) con a = 8.937(1) A, b = 3.8070(5) A, ¢
=8.664(1) A, V =294.79(7) A3; Z = 4. Fue posible locaizar y refinar
las coordenadas de hidrégeno, en dos aproximaciones diferentes, y
establecer las uniones de hidrégeno. Los parametros finales de la
estructura estén en buena concordancia con resultados previos basa-
dos en el andlisis dela difraccion tridimensional de neutrones.
Palabras clave: Azida de amonio, difraccion de rayos X, determi-
nacion estructural.

Introduction

In the last few years, many new methods for the determination
of crystal structures by x-ray diffraction of polycrystalline
samples have been developed. The increase in the number and
range of methods has been stimulated by the practical needs to
solve the structures of new compounds, particularly those
from the pharmaceutical area. These samples often present
serious difficulties to obtain single crystals of a size and per-
fection suitable for analysis by conventional techniques of x-
ray diffraction. On the other hand, this increase has been pos-
sible thanks to the improvement in the capacity for processing
experimental data and to the significant technical improve-
ments of the new x-ray powder diffraction (XRPD) equip-
ment. In this last aspect, the development in the use of syn-
chrotron light sources has been very significant. The structure
of various relatively difficult compounds has been reported
based on these advances, such as the uranyl phosphonate
(UO,)3(HO4PCgH;5),.H,O with 50 non-H atoms [1] and LagTig
Al;504; with 60 atoms [2] in the asymmetric unity.

The basic problem of the powder method, as applied to
the determination of crystal structures, is that the experimental
data correspond to a sort of projection, in only one dimension,
of all contributions of the three-dimensional reciprocal lattice.
A diffractogram is typically a discrete set of intensity data (1)
of the radiation scattered by the polycrystalline sample versus
the scattering angle (2q). The maxima of constructive interfe-

rence or Bragg lines, which contain information about the
structure that one wants to determine, are hardly ever found
isolated. All the Bragg lines with identical, or very close, va-
lues of interplanar distances contribute to the same peak. This
superposition may be intrinsic, due to the symmetry of crystal
lattice, or connected to the line broadening that coalesce di-
fferent contributions in a single line. This line broadening is
due to the structural defects and instrumental factors that limit
the diffractometer angular resolution. This superposition of
diffraction lines ends up by preventing us in practical terms
from obtaining a indexed list of isolated Bragg lines with the
respective modulus of structure factors, preventing us from
trying to obtain the structure solution by means of direct me-
thods or methods based on the Patterson function.

A significant advance towards obtaining three-dimension-
al structura information from such projected data as a powder
diffractogram arises with the Rietveld method [3], for the
refinement of crystal structure. All the present methods to
determine the structures from polycrystalline samples, as well
as other uses of XRPD, have benefited from this contribution.
A second significant stage of this evolution was the introduc-
tion of methods that start with an arbitrary model and apply
successive changes so as to approach the calculated to the
observed diffratogram. These changes in the initial structure
are made by an agorithm based on the Monte Carlo method
and simulated annealing approaches. These methods are
caled, in genera, direct space methods since they manipulate



314  Rev. Soc. Quim. Méx. Vol. 46, Nim. 4 (2002)

the structure in the physical space (in contrast with the classi-
cal methods that use properties of the reciprocal space). The
fundamental advantage of these methods is that they do not
require the decomposition of the diffraction pattern into sepa-
rate peaks or, in other words, the extraction of structure fac-
tors. A general review about the advances of XRPD tech-
niques and the uses of synchrotron radiation, in particular con-
cerning the determination of crystal structures, may be found
in the works by Louér (1998) [4] and Helliwel (1998) [5],
respectively.

The aim of this work is to evaluate the extension of the
structure properties that we can obtain from a high resolution
powder diffractogram to the challenging compound for the
conventional XRPD technique: ammonium azide (NH,)Ns.
This is a compound with elements of low atomic number and
it includes hydrogen as an essential element for the descrip-
tion of the structure. The location of hydrogen is difficult with
the x-ray scattering, even for the studies with single crystals,
and the use of neutron diffraction is recommended in this
case. The first study with ammonium azide was made by
Frevel [6] (1936), who determined the positions of nitrogen
atoms and inferred from the N-N distances the existence of
strong H-bonds. This indicates a definite orientation, at room
temperature, of the (NH,)1* ions, instead of rotating states that
would result in a spherical distribution to the ion. A second
study was presented by Prince and Choi [7], who refined the
positions of the hydrogen atoms from neutron diffraction data
on asingle crystal, and hence completed the description of the
compound. The study revealed a very regular tetrahedral con-
figuration of theion (NH,)*.

Experimental
The powder sample of ammonium azide was prepared by the

reaction of NaN; with NH,Cl in N,N-dimethylformamide as
described by Evans [8] et al. A finely ground sample was

counts
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Fig. 1. X-ray powder diffractogram of ammonium azide, (NH,)N;
with synchrotron radiation (I = 0.51976 A). The continuous line re-
presents the final calculated diffractogram via Rietveld method. The
calculated-observed difference pattern is below at the same scale. The
small insert illustrates the resolution of the diffractogram.
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inserted into a 0.5 mm borate capillary on the powder diffrac-
tometer of the Swiss-Norwegian beamline (SNBL) on BM1B
at the European Synchrotron Radiation Facility (ESRF). The
data were collected at room temperature in the angular inter-
val (2q) from 5° to 47.560° in steps of 0.004°. The sample
was rotated around the capillary axis throughout the measure-
ment in order to improve the statistical averaging of the di-
ffraction from different grains in the sample and to reduce any
contribution from preferred orientation. The wavelength of
0.59716 A was selected using a Si(111) monochromator, and
calibrated before the start of the experiment using a Si powder
reference sample (NBS 650B). The intrinsic angular resolu-
tion of the diffractometer is determined mainly by the Si(111)
analyzer crysta in the diffracted beam, which results in an
instrumental FWHM of about 0.01° in 2qg. The experimental
diffraction pattern is presented in Fig. 1.

Method of data analysis

In order to characterize the ammonium azide structure we
used a strictly ab initio approach. In the following sections we
tried to detail and comment a little more some of the practical
aspects that involved the structure determination from a pow-
der diffractogram. Our concern here is with a non-specialist in
this area but that uses XRPD in its most conventional ways.
We also tried to give information about al the programs that
were applied.

Indexing of the diffraction pattern

Special emphasis was placed on locating the first few reflec-
tions at low angle. These reflections are generally less super-
imposed, since the overlap tends to increase when the diffrac-
tion angle increases, and they form a very important set of
lines for the selection of a crystallographic space group. The
location of the lines is automatically made with help of pro-
grams such as ESPECTRO, based on the method of the se-
cond derivative and developed in our laboratory (Laboratorio
de Cristalografiae Raio-x / IF-UFRJ) but, the program FULL-
PROF by Rodriguez Carvajal [9] achieved this aim equally
well.

From the set of Bragg angles (2 gg), we carry out the
indexing. At this stage it is crucia to have good starting data
in which al the efforts to minimize the influence of systema-
tic errors have been made. To proceed beyond this stage, it is
important to know the density of compound. We use the value
1,352 g.cm=3 provided by Prince and Choi [7].

The methods for auto-indexing the diffraction pattern
have been greatly improved. We have used the program
developed by Taupin [10] that is based on attribution of Miller
indexes to an initia set of lines in order to form a system of
equations, relating the measured interplanar distances and the
cell constants of a Bravais system chosen at first. The solution
of the equations system results in parameters of a provisiona
cell that are used to try the indexing of the other lines. The
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program tests the solutions by cal culating the number of mole-
cules by unit cell (Z2) from the volume of the cell, the mea
sured density of compound and the molecular weight, select-
ing those that results in ainteger value for Z within the assu-
med experimental errors. The acceptable solutions are selected
with the calculus of a figure of merit. Among the most used
figures of merit is the parameter M20 introduced by de Wolf
[11], based on the quality of the fit between the calculated and
measured interplanar distances as well as on the size of unity
cell. There is not an absolute value for M20 that assures the
correctness of the adopted solution, however it is generally
accepted that a solution with M20 >20 is usualy correct. If no
acceptable solution is found a new Bravais system is adopted
and the method is reinitiated.

In Table 1, we present the result of the indexing of the
first 34 lines based on an orthorhombic cell that resultsin Z =
4. The analysis of indexes permits us to verify that it is a P-
type lattice and to associate the conditions: (hOl), h + 1 = 2n
and (hk0), h = 2n with alowed reflections. These conditions
result in the symbol of diffraction mmm P n ¢ -corresponding
to two possible space groups, Pmna (no. 53) and Pnc2 (no.
30). The group Pnc2 is non-centrosymmetric, it has only two
special positions and the highest point symmetry is 2. The
Pmna group is centrosymmetric; it has alarger number of spe-
cial positions and higher point symmetries such as 2 / m.
These differences permit a definition of the space group in the
following stages but, owing to the geometric characteristics of
ions N3 and (NH,)* it is more probable that these ions are
in lattices that have inversion symmetries and mirror planes.
As a starting point we therefore adopted the group Pmna.

Decomposition of the diffractogram

At this stage we use the Le Bail method [12]. This method isa
specia application of Rietveld analysis where the aim in this
case is not the refinement of the atomic coordinates, but rather
to obtain the square of structure factors ¥F# for al reflec-
tions in the space group Pmna within the measured interval of
2Q.

The method consists of describing the diffractogram
through the Rietveld equation,

lca(205) = S m;.(Lp); ¥F¥2. F (20,—2q) +b(2q) (1)

where F (2 g; — 2q;) is an analytic function, normalized, select-
ed to describe the Bragg line profile, m; is the multiplicity fac-
tor of the reflection j and (Lp); is the Lorentz and polarization
factor. The summation is over al the neighboring Bragg lines
and the function b(2 q;) describes the background intensity.
The coefficients that describe the line profile and the cell para-
meters are evaluated using the least-squares method. The
parameters /2 are evaluated by an iterative method: start-
ing with a complete set of Bragg reflections with equal |F;|, a
internal sequence of last-squares calculations determines new
optima values to cell and profile parameters. Afterwards, a
new set of |F;|'sis calculated by direct comparison of equation
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Table 1. The indexing of the first 34 lines of ammonium azide based
on an orthorhombic cell.

H K L 2Th(Obs) 2Th(Calc) diff.
2 0 0 7.670 7.670 .000
0 0 2 7.913 7.911 .001
0 1 0 9.006 9.006 .000
2 0 2 11.028 11.028 .001
2 1 0 11.839 11.840 -001
0 1 2 11.998 11.998 .000
3 0 1 12.180 12.180 .000
1 0 3 12.487 12.486 .001
1 1 2 12.600 12.600 .000
0 1 3 14.927 14.927 .001
3 1 1 15.169 15.168 .000
4 0 0 15.375 15.375 .000
1 1 3 15.419 15.416 .002
0 0 4 15.862 15.861 .001
3 1 2 16.659 16.660 -001
4 0 2 17.312 17.313 —-.001
2 0 4 17.640 17.640 .000
0 2 0 18.067 18.069 —.002
0 2 1 18.502 18.503 —.002
1 2 1 18.899 18.903 —-.004
4 1 2 19.546 19.547 —.002
5 0 1 19.658 19.661 —.003
0 2 2 19.749 19.751 —-.002
2 1 4 19.838 19.839 .000
1 2 2 20.126 20.127 —-.001
1 0 5 20.236 20.236 .001
2 2 2 21.214 21.216 —-.002
4 1 3 21.490 21.492 —-.002
0 2 3 21.660 21.679 -.019
0 1 5 21.846 21.846 .000
1 2 3 22.023 22.023 —-.001
1 1 5 22.189 22.188 .000
5 1 2 22.742 22.745 —.003
3 2 2 22.919 22.922 —.003
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Fig. 2. Statistical analysis of |F| values, obtained with Le Bail
method. The dashed line represents the ideal distribution, calculated
vialeast-square method, for a centrosymmetric structure.
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Table 2. Unrefined coordinates of the nitrogen atoms determined by
direct methods (R = 0.156) with SIR97.
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Table 3. Coordinates of the hydrogen atoms determined by the mini-
mization of potential energy with ENDEAVOUR.

Atom x/a y/b zlc occ. p.s. Atom x/a y/b zlc occ. p.s.
N(1) .000 .000 .000 .250 2/m H(1) .249 .659 .323 1.000 1
N(2) 134 .000 .000 .500 2 H(2) .320 416 .249 1.000 1
N(3) .500 .000 .000 .250 2/m

N(4) 500 114 130 500 m

N(5) .250 456 .250 .500 2

occ. site occupation
p. s. point symmetry

(1) with the measured intensities (I e(2 ;). This sequence
of calculationsis repeated until convergence is achieved.

Those reflections which are completely overlapped have
the intensity naturally equipartitioned by the process. We
assume that the sample does not present preferential orienta
tion effects. The program that we have used to implement this
method was FULLPROF. The obtained R-factors were R, =
0.18 (Rexpected = 0.175) and S = 1.02. The final file with the
results contains 407 reflections, with 268 non-null reflections.

Wetried to analyze the distribution of the values | Fj|. The
result, involving the 407 reflections, can be observed in Fig. 2.
The plot clearly suggest atypical distribution of a centrosym-
metric structure [13], supporting the choice of Pmna group.
The complete set of 407 reflections was then used, in the
direct methods approach, for structure solution.

Locations of non-H atoms via direct methods

The nitrogen atoms were located by direct methods with
SIR97 [14]. The results are presented in Table 2. The fina
residue of 0.156 indicates an adequate structural model as a
starting point to refinement. We can recognize the presence of
two independent azide ions, formed by N(1) in the center and
N(2) in the two extremities aligned along the a-axis and by
N(3) in the center and N(4) in the two extremities forming a
‘Zig-zag' pattern along the c-axis. The two extremities in both
cases, N(2) and N(4), are related by centers of symmetry at
N(1) and N(3) respectively, that results in a perfect alignment
of the azide group. The distances N-N in the azide group,
obtained at this stage, are 1.2 A. Clearly, N(5) is associated to
the ammonium ion. The use of the group Pnc2 at this stage did
not provide satisfactory results, confirming the correct choice
of the Pmna space group.

Location of H-atoms

The location of hydrogen by x-ray diffraction has serious limi-
tations. The hydrogen has only one electron and in general it
possesses large vibration amplitudes at room temperature.
Hence they contribute very little to the coherent scattering of
x-ray. The location of hydrogen sitesis, in general, assisted by
neutron diffraction.

In the present case, the sample is essentially composed of
light atoms. The ratio between the number of electrons asso-
ciated to the hydrogen and the number of electrons associated
to nitrogen of the molecule resultsin 1/7, which is not negligi-
ble, and so we can expect a significant relative contribution of
the hydrogen to the total scattering what favors the final struc-
ture refinement.

We tried to locate the hydrogen by means of a method
that uses the criterion of potential energy minimization, keep-
ing the nitrogen atoms fixed at those positions that were deter-
mined at the previous stage. We used the program ENDEAYV -
OUR (beta-version) developed by Putz et al. [15] that has the
purpose of ab initio structure determination from XRPD. The
method used by the program has had a high level of success,
particularly in the case of ionic compounds of medium com-
plexity. It is a combined method that tries to optimize a func-
tion called cost function (C) that is a linear combination of the
potential energy function (E;) and aresidue function (Rg), that
is to say, a difference in modulus between the measured dif-
fractogram (l,,eas (2 0;)) and the calculated diffractogram
(Icai(2 @) by the relation (1),

C=a.Ey;+(1-a).Rg 2
Rg=100. S Y e (2 G) — gy (2 0)Y2! Sj Y meas (202 (3)

The parameter a (0 £ a £ 1) is used to dose the contribu-
tion of each one of the parts. If the diffractogram has more re-
levance than the adopted model to describe the potential ener-
gy of the system, we can adopt a small value of a and thereby
to increase the influence of the diffractometric data to the cost
function. The basic hypothesis of the method is that the real
structure of the compound corresponds to the minimum of this
function.

The way of optimizing the cost function consists of ge-
nerating initially an arbitrary model of structure that tries to
respect some restrictive conditions such as minimum values to
some relevant interatomic distances. The potential energy and
the expected diffratogram corresponding to this structure are
calculated and the initial value of cost function determined.
Next, small arbitrary displacements are applied in the atoms
and a new value of cost function is obtained. If this value is
smaller than the previous one, this new structural configura:
tion is accepted and it is used as the starting point to new dis-
placements. If the value of the cost function is bigger than the
initial value, then this new configuration is only accepted with
a probability, a probability that is smaller, the bigger the dif-
ference is between the present cost function and the initial
one. The probability is determined by the expression exp(— D
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Table 4. Results of the refinement via Rietveld method with FULL-
PROF. In parenthesis are the values presented by Prince and Choy [7]
from three-dimensional neutron diffraction.

Wavelength: 0.59716 A

2¢g-range: 5 °-48°

Step increment: 0.004°

Space group: Pmna (No. 53)

Cell: a=8.937(1) A, b = 3.8070(5) A, ¢ = 8.664(1) A, V = 294.79(5) A3;
Z=4(8.948(3) A), (3.808(2) A) (8.659(3) A)
x=1.354¢/cm3 F(000)=128.0 m=0.07 mmL

Function Profile: Pearson VII

Number of refined parameters: 26

Number of reflections: 407

Number of observations: 10,640.

Rwp = 0226, Rexpected = 0-179; S (Chi2) = 1.60; DW-stat = 0.9519

Atom X y z occ. B(i s0)
(constrained)

N(1) 0.0000 0.0000 0.0000 0.250 1.63(5)

N(2) 0.1315(2) 0.0000 0.0000 0.500 1.63(5)
(0.1305(5)) = Bjgo(N(1))

N(3) 0.5000 0.0000 0.0000 0.250 1.68(6)

N(4) 0.5000 0.1103(6) 0.1320(3)  0.500 1.68(6)
(0.1098(13)) (0.1263(5)) =Bjg(N(3))

N(5) 0.2500 0.5524(7) 0.2500 0.500 2.11(7)

(0.5443(10))

H(1) 0.290(2) 0.731(2) 0.333(1) 1.000 2.11(7)
(0.2916(9))  (0.7082(27)) (0.3355(10)) =Bjg(N(5))

H(2) 0.323(1) 0.388(3) 0.192(2) 1.000 2.11(7)
(0.3317(33)) (0.3927(22)) (0.2076(9)) =Bjg(N(5))

ESD's are in parentheses.
Conventional Rietveld reliability factors with all non-excluded points.
Calculated by the usual definitions [20].

C I K), where C is the variation of cost function and K is an
arbitrary parameter. With this procedure it is possible, in the
course of arbitrary displacements, to surpass local minimain
the cost function —that has typically a very uneven topogra-
phy with many local minima— and thus to converge to the
absolute minimum.

This procedure is used in several optimization processes
and it is called “simulating annealing”. This nomenclature is
chosen in analogy with the physical process of solidification,
in which a liquid is converted to a crystalline state of lower
energy by the gradual temperature lowering overcoming
metastable states with more efficiency the lower the rate of
cooling. Kirkpatrick [16] makes an interesting review of this
method and its relation to mechanical statistics principles.

For the potential energy, E, we used a smple function
involving the classic expression to a system of charges (q; . €)
under Coulomb interaction added to an empirical repulsive
term that sets limits to the minimum distances d;;™n between
the pair of ions (i, j),

Epot =%2. S {(e2/4p &) . (q; . 0/ dy) + K. (dijmin / d)*2} (4)

where e is the fundamental charge, g, is the permittivity of
vacuum and k is a constant. The values of minimum distances
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Table 5. Interatomic distances (A) and bond angles (degrees). A
comparison with results presented by Prince and Choy [7] from three-
dimensional neutron diffraction.

Thiswork Prince and Choi
(XRPD) (Neutron/single crystal)
unconstrained rigid body

Azideion:
N(1) - N(2) 1.175(2) 1.168(4) 1.186
N(3) - N(4) 1.218(2) 1.171(4) 1.186

mean: 1.196 1.170 1.186
Ammonium ion:
N(5) - H(1) 1.05(1) 1.037(10) 1.067
N(5) - H(2) 1.03(1) 1.001(9) 1.028
H(1) - N(5) - H(1") 99(1) 106(1)
H(1) - N(5) - H(2) 120(1) 110.3(7)
H(1) - N(5) - H(2') 106(1) 110.3(7)
H(2) - N(5) - H(2') 106(1) 119.6(1.0)
Hydrogens bonds:
N(5) - N(4) 2.952(2) 2.975(4)
N(5) - N(2) 2.978(2) 2.967(3)
N(5) - H(1) - N(4) 164(1) 177.9(9)
N(5) - H(2) - N(2) 72(1) 177.2(7)

can be selected from tabulated values according to the charac-
ter of the expected bonds. The summation is evaluated by
means of optimized Ewald's series[15, 17].

Results and discussion

The presented results on Table 2 were used as a starting point
to locate the hydrogen with ENDEAVOUR. The model for
the potential energy involves isolated ions and to the contribu-
tion of nitrogen of azide ion we attribute a fractional charge of
—1/3 to each member of the group and a charge of —3 to the
isolate nitrogen N(5). To hydrogen charges, +1 were attri-
buted and their positions were |eft free for the optimization of
the cost function with a = 1. The minimum distance N-H and
H-H adopted for the repulsive term in E, were 1.0 A and 1.6
A, respectively.

The optimization process converged to a tetrahedron
arrangement around the nitrogen N(5) with two hydrogen,
H(1) and H(2), in genera positions of the group Pmna (Table
3). Each ammonium group consists of a pair H(1) and a pair
H(2), internally related by a point symmetry 2 of the site N(5),
with angles H-N-H that vary from 104.0° to 110.8° and dis-
tances N-H of about 1.0 A.

The refinement of this structure model was performed, via
Rietveld method, in two stages. First, we refined the nitrogen
positions without the insertion of hydrogen in the asymmetric
unit. The R-factors found were Rwp= 0.265 (Rexpected=
0.179) and S= 2.18. Secondly, we introduced the hydrogen
atoms and refined their coordinate with constrains over the
minimum distances N-H of 1.0 A and H-H of 1.6 A. The R-
factors already presented a significant improvement in the first
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B

Fig. 3. @) Stereoscopic pair of the unit cell of the ammonium azide
structure. The c-axis is horizontal and a-axis is vertical. b) Detailed
view of the ammonium ion and the H-bonds. The dashed sphere rep-
resents the initial positions of H atoms as determined by the mini-
mization of potential energy.

cycle of refinement and stabilized in values Rwp= 0.229
(Rexpected = 0.179) and S = 1.63. Isotropic thermal parame-
ters were initially refined for each non-H atom. For H-atoms
unreasonable values were obtained. At the final stage of refine-
ment it was used a simplified description of thermal vibrations
where we adopted one isotropic thermal parameters for each
ion. The Fig. 1 presents the calculated diffratogram from the
refinement results. On Table 4 we present the fina results of
the refinement and on Table 5 a list of the main interatomic
distances in comparison with the values obtained by Prince and
Choai [7] viasingle crystal neutron diffraction. In thislast work,
values are aso given to the distances N-N in the azide group
and N-H distances in the ammonium group, as refined from a
rigid body moddl. In this approach the distances N(1)-N(2) and
N(3)-N(4) are kept equa and the displacements of H(1) and
H(2) are coupled through the riding model to the ammonium
group [18]. The average value of the distances to the two azide
groups reported here is very close to the obtained value by
Prince and Choi [7] with therigid body approach.

The azide groups N(2)-N(1)-N(2) are aligned along the a
axis. The longitudinal axis of the azida groups N(4)-N(3)-N(4)
are paralel to the plane (010) and form angles (‘zig-zag' an-
gle), between themselves, of about 139°. These crystallo-
graphic differences between the two groups make the hypoth-
esis of identical N-N distances somewhat artificial. The N(5)
are donors and N(2) and N(4) acceptors of H-bonds. The va
lues of the angle N-H...N are characteristics of these bonds
although a little smaller than values reported by Prince and
Choi [7].

In the Fig. 3, we can observe the basic characteristics of
the structure. The doted hydrogens (Fig. 2b) indicate the
approximate positions with the minimization of potential ener-
gy and the non-doted indicate the position reached at the
refinement stage with the Rietveld method. The doted tetrahe-
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dron does not show an orientation that suits the presence of
intense H-bonds with the nitrogen of azide groups as revealed
by the previous neutron diffraction study. The angles which
we obtained are N(5)-H(1)....N(2) @150 ° and N(5)-
H(2)...N(4) @144 °. These results are fundamentally related
to the adopted model of potential energy. The model contains
only isotropic terms that are better adopted to strictly ionic
compounds. With the structure refinement, these angles
increase (Table 5) and become closer to the linear arrange-
ment as indicated by the neutron diffraction.

Although other models of charge distribution to the ions
may be tried, still together with the Coulomb potential, the
fact is that the starting data for hydrogen atoms were adequate
enough for the structure refinement. This conclusion can bein
fact more extended: even in arather complex situation, a start-
ing approximate structure model is sufficient to obtain conver-
gence to the absolute minimum at the refinement stage with
Rietveld method.

The probability of success in solving a crystal structure
from x-ray powder diffraction data depends directly on the
effective resolution of the experimental diffractogram. In the
present case no cluster of severely superposed lines was
observed, what put in evidence the tremendous advantages in
the use of high-resolution x-ray powder diffractometer based
on synchrotron light sources. Although it was not the purpose
of this work we investigated the possibility to locate the
hydrogen atoms directly via Fourier difference maps. The
results presented in Table 2 were refined and the difference
electron density synthesis, with coefficients (YF(measured)’2—
Y (calculated)¥) and calculated phases (f ), was constructed.
Searching for peaks in the proximity of N(5), it was possible
to locate the two hydrogen atoms, H(1) and H(2), in two gene-
ral positions. The analysis was implemented with SHEL XL-
93 [19]. The coordinates, of both atoms, are very close to

@ru @Hi

@l 2 - @l

Fig. 4. Sections of the Fourier synthesis with coefficients ¥4&(mea-
sured)¥2 .exp(-i. f (calculated)). Calculated phases (f) not including
the H-atoms. () Section containing H(1)-N(5)-H(1"). (b) Section con-
taining H(2)-N(5)-H(2).
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those obtained by minimization of potential energy, listed in
Table 3. Fig. 4 shows two sections of Fourier synthesis
YH(measured)¥2. exp(—i.f (calculated)): the planes containing
H(1)-N(5)-H(1") and H(2)-N(5)-H(2"). We can aobserve the
contributions of hydrogen atoms to scattered radiation. In fact,
the complete structure of ammonium azide could be solved
from powder data by the usual methodologies applied to
monocrystal data. This possibility is, obviously, associated to
the simplicity of the problem. In more complex structure, it
becomes more evident the importance of introducing comple-
mentary information beyond the x-ray, or neutron, diffraction
context.

Conclusions

The use of direct space strategies in connection to the princi-
ple of minimization of potential energy seems to have a
promising future as a powerful strategy to solve a crystal
structure from powder data. Even to those cases, in which
solving the structure completely from XRPD is impossible,
many structural details could certainly be obtained.

The results presented here show that it was fully possible
to reproduce ab initio, from XRPD, the essentia results of the
ammonium azide structure as previously determined from
neutron scattering. In many situations, the level of structura
detail reached here is more than sufficient to understand the
chemical properties of the compound.
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