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Abstract The thermal decomposition of dysprosium
nitrate is a complex process which begins with the simulta-
neous condensation of the initial monomer Dy(NO3)3-6H,O
into a cyclic hexamer 6[Dy(NOj3)3;-6H,O]. This cluster
gradually loses water and nitric acid, and intermediate
oxynitrates Dy607(NO3)46H20 and Dyf,Og(NO3)25H20
are formed. At higher temperatures, these products undergo
further degradation, lose nitrogen dioxide, water, and oxy-
gen, and finally, after having lost lattice water, are trans-
formed into the cubic form of dysprosium oxide. The models
of intermediate oxynitrates represent a reasonably good
approximation to the real structures and a proper interpre-
tation of experimental data. The comparison of the potential
energies of consecutive oxynitrates permitted an evaluation
of their stability. The mechanism was studied by thermal
analysis, differential scanning calorimetry, infrared spec-
troscopy, and X-ray diffraction. The mass losses were related
to the vibrational energy levels of the evolved gases.
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Introduction

A study of rare earth nitrates Ln(NO3);-6H,0O thermal
stability has been recently carried out for a number of
elements of the lanthanide series [1-3], as well as other
elements with charge 3%, including gallium [4], aluminum
[5], chromium (III) [6], and iron (III) [7, 8]. A common
feature for their thermolysis is a complex condensation
process generating a tetramer arrangement formed by
alternating metal and oxygen atoms. Soon after that, the
resulting tetramer heterocycle gradually loses water, nitric
acid, and nitrogen oxides, and through the formation of
unstable oxynitrates is converted into Me,Oj3. It was also
shown that this mechanism does not involve the formation
of simple oxynitrates Me"™ONO; or anhydrous salts as has
been suggested elsewhere [9, 10]. Recently, an investiga-
tion has been published on thermal stability of samarium
nitrate showing that this is markedly different from the
processes described above because of the lower basicity of
the element and distinct mechanism of inner hydrolysis.
Actually, the existence of intermediate structures with six
atoms of samarium best fitted the experimental results that
the tetrahedral model [11].

Dysprosium nitrate hexahydrate Dy(NO5);-6H,O crys-
tallizes in a triclinic system, space group PI. In this struc-
ture, each of the Dy(IIl) ions is coordinated by ten oxygen
atoms of three nitrate groups and six water molecules
forming a distorted icosahedron (Fig. 1).

As both dysprosium and samarium pertain to the lan-
thanide row and have close ionic radii, there are all grounds
to suggest that thermal behavior of dysprosium nitrate must
resemble that of Sm(NQOj3)5-6H,0. In the same work [11],
the molecular mechanics technique was used for compar-
ing the potential energies of consecutive products of ther-
mal decomposition to build up feasible models of unstable
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compounds that form during the thermolysis. Force field
methods [13] used to predict the structures gave a very
satisfactory description of the geometry of the intermediate
compounds.

The aim of the present work is to apply hypothesis of
hexamer structures for the interpretation of the thermo-
gravimetry curves of Dy(NO;);-:6H,0O and select appro-
priate models for the products of its thermal
decomposition. It intends to deal with the scarcity of
experimental structural information on samarium oxyni-
trates, as an option to fill the gap.

Materials and methods

The starting reagent used was dysprosium nitrate hexahy-
drate Dy(NOs);3-6H,0, of analytical grade purity (99.9 %),
purchased from Sigma-Aldrich. Direct heating of the
commercial reagent resulted in mass loss of 58.21 %
confirming the water number slightly lower than six (calc.
59.31 %). Visual observations were carried out in air, using
a platinum receptacle, from room temperature to 300 °C.
Thermal gravimetric analysis (TG) and differential scan-
ning calorimetry (DSC) were used to study thermal
behavior, employing a 50H Shimadzu Instrumentation and
Netsch STA Jupiter 449C Instrumentation. Test specimens,
in the first case, were heated in a flux of nitrogen (tem-
perature range from —40 to 500 °C), and in the second case
in a flux of argon (temperature range from 25 to 500 °C),
always at a heating rate of 5 °C min~'. Mass losses during
heating were analyzed and compared to previously calcu-
lated values. Melting point, gas liberation, and crystal-
lization processes were additionally monitored by visual
observation, allowing the visualization of NO, vapors and
other peculiarities. The evolution of volatiles was measured
using a Netsch STA Jupiter 449C apparatus coupled with a
FTIR spectrometer. Infrared spectroscopy of evolved gases
was performed using a Tensor 27 Bruker spectrometer. The
spectra were detected in a range 4004000 cm™'. Tem-
perature of the transport gas line was 240 °C. The spectra
were taken for 12 s at a frequency accuracy of 1 cm™"'. The
identification of the IR spectra was done on the basis of
NIST Chemistry WebBook [14]. The samples were previ-
ously sealed in glass ampoules in a hot condition in order to
avoid the impact of water vapors from the air. X-ray
powder pattern of solid sample was registered with a
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Siemens Kristalloflex diffractometer (CuKa radiation) with
a graphite diffracted beam monochromator and Ni filter.
Data were collected in the range of 20 = 4°-70° with a
scan step 20 = 0.02° and scan rate of 18 min~'. Phase
identification was performed using ICDD PDF-2 database.
In this work, compounds were simulated using the standard
HYPERCHEM 7.5 software package employing MM+
force field program [13].

Results and discussion
Thermal analysis

As established by visual observations, the compound turns
into a clear liquid at around 55 °C similar to other nitrate
hexahydrates. This liquid begins to boil at ~122 °C, and
immediately, the smell of gaseous HNOj starts to feel. The
solidification/crystallization =~ becomes noticeable  at
~220 °C, and then at ~350 °C, nitrogen dioxide fumes
are released.

The DSC analysis of Dy(NO3);-6H,O is presented in
Fig. 2. From approximately 36 °C on, a series of
endothermic effects become evident, reflecting the dehy-
dration/decomposition processes. Along with TG pattern,
their analysis can be used for a rigorous interpretation of
results.

The representative TG curve of Dy(NO3)3;-6H,O is
shown in Fig. 3 in comparison with the analogous curve of
Sm(NO3);-6H,0 from our recent publication [11]. It can be
seen that despite the obvious similarities, they differ
markedly in the early stages of thermal decomposition,
splitting of the major peak at ~366 °C and other pecu-
liarities. Hence, the interpretation of samarium effects
cannot be transferred straightforwardly to dysprosium
compound.
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Fig. 2 DSC curve of Dy(NO3);-6H,O
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Fig. 3 TG and DTG curves of Dy(NO3)3;-6H,O (a) compared with
Sm(NO3);-6H,0 (b)

It is well known that the decomposition onset for the
nitrates of trivalent metals is generally below 100 °C. In
this respect, dysprosium nitrate is not an exception: The
first mass loss is due to water evaporation after fusion of
the original hexahydrate at 48-52 °C. Between 48 and
127 °C, the compound loses 15.1 % of mass, correspond-
ing to 23 mol of water, taking into account the presence of
six monomers at the start of decomposition process. Then,
between 127 and 322 °C occurs mass loss corresponding to
14 mol of nitric acid.

As in the case of samarium, our working hypothesis was
that dysprosium nitrate would be hydrolyzed by the crys-
tallization water, and as a result, nitric acid should have
been produced. Indeed, this acid, or rather the azeotrope
68 % HNO3-32 % H,O0, is detected by the IR sensor of the
volatile products during the thermal treatment. Nitric acid
is identified by its characteristic absorption bands at 8§92,
1319, 1508, 1596, 1631, and 1716 cm™' (Fig. 4). It is
clearly seen that the two releases of nitric acid are
accompanied by net endothermic effects on DSC curve,
with onsets at 242 and 316 °C, respectively. The 3D dia-
gram of IR spectrum shown in Fig. 5 gives a general view
of absorption at sequential temperatures.

So, at least up to 220 °C we do not have the ability to
judge about precise compositions, since the mixture is in
the liquid state, and the removal of HNOj is essentially a
continuous process, so solid phases cannot be isolated and
identified. It would be reasonable to assume that the
pyrolysis curve reflects the presence of various chemical
products, not single stoichiometric compounds of definite
composition. Table 1 shows the compositions of the reac-
tion products with expected and experimentally found mass
losses at different stages of thermal treatment.

Between 320 and 474 °C, the solid product loses 9.2 %
of mass, possibly in two substeps. At this step, the com-
position of the gaseous phase changes. The observation of
the characteristic brown color of nitrogen dioxide and the
known instability of HNOj at high temperatures suggest
that the acid is not actually present in its molecular form.
Actually, thermal decomposition of nitric acid is a rever-
sible endothermic reaction and almost quantitatively pro-
ceeds according to the equation [15]:

HNO; = NO, + 0.5H,0 + 0.250, + 7.8 kcalmol ™' (1)

As can be seen from dynamics of nitrogen dioxide
removal (Fig. 6) in relation to DSC curve, and from the 3D
diagram of IR spectrum (Fig. 5), at 425 the sensor detects
characteristic absorbance bands of nitrogen dioxide 1597,
1629, and 1716 cm™'. Another product of HNOj; thermal
disproportionation is oxygen, but this element in principle
cannot be registered in the spectrum due to the lack of
changing dipole moment. The next loss of mass (2.63 %)
takes place around 650 °C, corresponding to the removal of
remaining 4H,O, and the process is completed. The
diffractogram given in Fig. 7 matches the pattern of the
cubic dysprosium oxide, Dy,O3 (ICSD file 082241).

To the best of our knowledge, the X-ray structure
determination for dysprosium oxynitrates has never been
performed. So the thermal analysis suggests the following
sequence of structural transformations. The removal of
HNOj and the corresponding amount of water lead to
creation of oxygen bridges between the dysprosium atoms,
obliging 6Dy(NOs3); to condense into a hexamer structure
DyOg(NO3)6-13H,0 (Scheme Fig. 8a). Calculations show
that the hypothesis concerning cluster preexistence in the
solid state is quite applicable to the present case of dys-
prosium nitrate hydrate. This is corroborated by the
structures of hexanuclear complexes containing six dys-
prosium atoms proposed as single molecule magnets
[16-18]. Simultaneously, the entire system of hydrogen
bonds is rebuilt.

Both DTG and DSC curves show that this is a complex
step-wise process, and the water belongs to differently
bonded species which are involved in intermolecular
hydrogen bonding, making the monomers stand together.
At the following stage, the hexamer loses 1 mol of water,
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Fig. 5 Temperature-dependent 3D diagram of IR spectra of the
Dy(NO3);-6H,0 thermal decomposition

2 mol of nitrogen dioxide, and 1 mol of oxygen, so the
composition of the resulting solid product corresponds to
DyO7(NO3)4-6H,O (Scheme Fig. 8b) with the single
cross-linking bridge Dy—-O-Dy. This hexamer, in turn,

The models obtained using the molecular mechanics
technique are shown in Figs. 9-12. The calculated inter-
atomic distances are presented in Table 2. We did not
perform any systematic energy sampling for searching
conformational energy space. As can be seen from Fig. 9,
the base of the hexamer is formed by an inorganic hete-
rocycle composed of six atoms of dysprosium, alternating

Table 1 Mass losses at different stages of Dy(NO3);-6H,O pyrolysis and composition of the volatile products in relation to the initial six

monomers
Steps Compositions Loss of volatile products/mol Mass loss/%
Water Nitric acid Nitrogen dioxide Oxygen Exp. Calc.
1 3Dy,05-9N,05-36H,0 23 - - - 15.1 15.38
3Dy,03-9N,05-13H,0 - 14 - - 32.20 32.20
3Dy,03-2N,05-6H,0 1 - 2 1 9.20 8.96
3D}/203'N205'5H20 1 - 2 1
4 3Dy,03-4H,0 4 - - - 2.63 2.6

3Dy,0;

Total: 29H,0, 14HNO3, 4NO,, 20
Final product: 3Dy,03
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Fig. 8 Scheme showing the condensation process of DysOg(NO3)s.
13H,0. Initial hexamer (a); intermediate oxynitrates (b, ¢); final
hypothetical intermediate hexamer Dy¢Oo (d). Hydrate water is
omitted

Fig. 9 Hexamer model of symmetric rotamer DysNgOy4

with six atoms of oxygen which, to simplify things, are
numbered from 1 to 6. Together they form a rather sym-
metric crown-like cycle, wherein six dysprosiums and six
oxygens sit in slightly different parallel planes, one anterior
and the other posterior. The potential energy calculated for
this structure is —0.131 kJ mol ',

Since the bonds Dy-O forming the cycles are not
covalent, but rather ionic in nature, it becomes quite clear
that, in contrast to the planar benzene ring, these cycles can
easily become corrugated. Moreover, as the angle of this
‘folding’ may vary within certain limits, one can expect to
find the presence of conformational isomers with slightly
differing values of potential energy. In a real solid, this
degree of freedom is unlikely to be preserved due to the
requirements imposed by the densest packing. The same is
true of the degree of freedom of rotation about the bonds
between dysprosium and oxygen of NO3 groups attached
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Fig. 10 Hexamer model of asymmetric rotamer DygN¢Oo4
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0@) 05)

Fig. 11 Hexamer model of the rotamer DygsN4O,9 with the bridge
Dy(2)-0(11)-Dy(5)

to dysprosium atoms. These groups behave as slightly
deformed nitrate anions with two external N=O bonds in
the range of 1.29-1.30 A and a short bond of 1.17 A
connecting to dysprosium. Meanwhile, the bond angles
O-N-O found for the model are equal to the angles in solid
nitrates (close to 120.0°) in accordance with the actual
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Fig. 12 Hexamer model of the rotamer Dy¢N,O;4 with the two
bridges, Dy(2)-O(11)-Dy(5) and Dy(3)-O(10)-Dy(6)

structure of the polyatomic ion which has trigonal planar
geometry [19].

It is noteworthy that the rotation is accompanied by
deformation of the cycle, as evidenced by the change in
Dy-Dy distances from one isomer to the other. One of the
deformed conformers is shown in Fig. 10. As can be seen
from Table 2, the distances Dy-O are identical in both
rotamers, that is, 2.27 A. The comparison shows that they
are much shorter than those refined from X-ray diffraction
data for dysprosium oxide, that is, 2.56 A [20].

Figure 11 shows the structure DygN4O;9 that might be
formed after the removal of 2 mol of NO, and 1 mol of
oxygen, so only four NOj groups would be bonded to the
cycle. In this instance, a newly formed cross-bridge con-
nects dysprosium atoms 2 and 5. As can be concluded from
Table 2 and Fig. 11, some distances Dy-Dy are getting
shorter and others larger, thus reflecting the increasing
deformation of the cycle. The potential energy calculated
for this structure is —26.30 kJ mol ™. So, further conden-
sation with removal of the distant NOj3 groups becomes
more difficult to achieve, hence the slow kinetics. Anyway,
the formation of the second bridge between Dy(3) and
Dy(6) takes place, and the structure loses any resemblance
to the original arrangement (Fig. 12). The potential energy
calculated for this structure is —69.59 kJ mol .

In view of the exceptional narrowness of the internal
space, the formation of a third bridge (Fig. 13) does not
seem probable. That is why the elimination of the last
2NOj; instead of metastable DyO;g will produce 3 mol of
Dy,03, in agreement with the experimental data. The
potential energy calculated for DygO;g hypothetical struc-
ture is 206.64 kJ mol .

The calculation of minimal potential energies for the
aforementioned models shows that, in an arbitrary scale,
their numerical values increase considerably with the
number of oxygen bridges. This is a clear indication that
the stability of the related structures decreases from the
original hexamer to the product devoid of nitrogen. The
exceptionally high level of potential energy for a hypo-
thetical Dy¢Og (206.64 kJ mol ™) shows that the existence
of such a compound is really questionable. It is clear that
the levels of potential energy, calculated by means of
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Table 2 Interatomic distances (10\) calculated for hexamer models

Distances DygNgOo4 sym DygNgO,4 asym DygN,O14 DysO15
Dy(1)-O(1) 2.27 2.27 2.27 2.25
Dy(1)-0(2) 2.26 2.27 2.27 2.26
Dy(2)-0(2) 2.26 2.27 2.27 2.26
Dy(2)-0(3) 2.27 2.27 2.27 2.30
Dy(3)-0(3) 227 227 227 2.30
Dy(3)-0(4) 227 227 2.27 227
Dy(4)-0(4) 227 227 227 2.27
Dy(4)-0(5) 2.27 2.27 2.27 2.27
Dy(5)-0(5) 2.27 2.27 2.27 2.27
Dy(5)-0(6) 2.27 2.27 2.27 2.27
Dy(6)-0(6) 2.27 2.27 2.27 2.27
Dy(6)-0O(1) 2.27 2.27 2.27 2.27
Dy(1)-0(7) 2.27 2.27 2.27 -
Dy(2)-0(8) 2.27 - _ B
Dy(3)-0(9) 2.27 2.27 - -
Dy(4)-0O(10) 2.27 227 2.27 2.27
Dy(5)-0(11) 2.27 2.27 2.27 2.30
Dy(6)-0(12) 2.27 2.27 2.27 2.29
Dy(1)-Dy(2) 4.00 3.89 3.92 3.04
Dy(1)-Dy(3) 6.49 7.23 5.84 4.62
Dy(1)-Dy(4) 6.28 8.90 8.60 4.36
Dy(1)-Dy(5) 7.39 5.73 5.84 3.50
Dy(1)-Dy(6) 3.81 3.97 3.92 3.20
Dy(2)-Dy(3) 3.88 3.90 3.86 4.19
Dy(2)-Dy(4) 6.15 5.76 5.84 3.51
Dy(2)-Dy(5) 9.05 3.89 3.86 4.24
Dy(2)-Dy(6) 6.45 4.83 4.51 5.43
Dy(3)-Dy(4) 3.93 393 3.92 3.20
Dy(3)-Dy(5) 7.77 4.80 4.50 543
Dy(3)-Dy(6) 6.91 7.32 3.86 4.14
Dy(4)-Dy(5) 3.93 3.89 3.92 3.04
Dy(4)-Dy(6) 4.49 3.93 5.84 4.63
Dy(5)-Dy(6) 3.82 3.96 3.86 4.19
N(1)-N(2) 6.61 - - -
N(1)-N(@3) 11.27 13.11 - -
N(1)-N(4) 9.77 14.12 14.58 -
N(1)-N(5) 13.17 - - -
N(1)-N(6) 7.08 9.25 - -
N(2)-N(@3) 7.88 - - -
N(2)-N4) 10.61 - - -
N(2)-N(5) 15.10 - - -
N(2)-N(6) 7.72 - - -
N(@3)-N@4) 6.53 12.98 - -
N(3)-N(5) 6.98 - _ B
N(3)-N(6) 8.39 10.98 - -
N(4)-N(5) 6.39 - - -
N(4)-N(6) 6.97 12.98 - -
N(5)-N(6) 8.31 - - -
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Fig. 13 Hypothetical hexamer model of DygOo, with the three
bridges

molecular mechanics, must not necessarily have any defi-
nite physical meaning in themselves. However, when
considering a series of related structures, the method may
be of help when interpreting the experimental findings in
the absence of X-ray data for the interatomic distances and
bond angles.

Conclusions

1. The thermal decomposition of dysprosium nitrate is a
complex process, which begins with the simultaneous
condensation of the initial monomer Dy(NO3)3-6H,O
into a cyclic hexamer 6[Dy(NOs3);-6H,O].

2. This hexamer gradually loses water and nitric acid,
and intermediate oxynitrates DysO7(NO3)4-6H,O and
DyOg(NO3),-:5H,0 are formed.

3. At higher temperatures, these products undergo further
degradation, lose nitrogen dioxide, water, and oxygen,
and finally, after having lost lattice water, are trans-
formed into the cubic form of dysprosium oxide.

4. The models of intermediate oxynitrates represent a
reasonably good approximation to the real structures
and a proper interpretation of experimental data.

5. The comparison of the potential energies of consecu-
tive oxynitrates permitted an evaluation of their
stability.
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