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Abstract

The hexahydrate of praseodymium nitrate hexahydrate Pr(NOs3);-6H,O does not show phase transitions in the range of
233-328 K when the compound melts in its own water of crystallization. It is suggested that the thermal decomposition is a
complex step-wise process, which involves the condensation of 6 mol of the initial monomer Pr(NO5);-6H,O into a cyclic
cluster 6[Pr(NO3);-6H,0]. This hexamer gradually loses water and nitric acid, and a series of intermediate amorphous
oxynitrates is formed. The removal of 68% HNO;-32% H,O azeotrope is essentially a continuous process occurring in the
liquid phase. At higher temperatures, oxynitrates undergo thermal degradation and lose water, nitrogen dioxide and
oxygen, leaving behind normal praseodymium oxide Pr,Oj3. The latter absorbs approximately 1 mol of atomic oxygen from
N,Os disproportionation, giving rise to the non-stoichiometric higher oxide Pr,O33;. All mass losses are satisfactorily
accounted for under the proposed scheme of thermal decomposition.
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Introduction

Praseodymium nitrate is used as a starting material for the
synthesis of organic chelates, whose usage may provide an
opportunity to prepare magnetic images contrasts in med-
icine. One of them is a praseodymium chelate 2-methox-
yethyl-Pr-MOE-DO3A, which proved useful to generate
in vivo temperature maps with sufficient spatial and tem-
poral resolution [1].

The structure of praseodymium hexahydrate trihydrate
[tetraaquatris(nitrato-k*20,0")praseodymium(II)dihydrate]
is similar to other [Ln(NO;);(H,0)4]-2H,0 analogues. The
asymmetric unit (Fig. 1) consists of a Pr(IIl) cation, three
nitrate anions, and in total six water molecules. The Pr(III)
cation is ten-coordinated by the oxygen atoms of three
bidentate nitrate anions and four water molecules. Addi-
tionally, two lattice water molecules are located in the
second coordination shell [2]. This remote water can be
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expected to be the first to be eliminated during the heat
treatment.

The thermal decomposition of Pr(NO3)3;-6H,0O has been
the subject of recent research in the study of the genesis
and characterization of praseodymium oxide obtained from
this hydrate [3]. Although the general conclusions of the
study are unobjectionable, it does not explain the mecha-
nism involved, that is, how stoichiometric PrgO;; with six
Pr atoms could have been formed from PrONOj; containing
only one Pr atom, without going through the condensation
process. Nor does it take into account extensive evidence
of hydrolytic processes accompanied by the release of
nitric acid during thermolysis of rare earth nitrates [4—13].
So it is possible, in our opinion, that a simpler and
more convincing mechanism of thermal decomposition
than that proposed by the authors [4] might be suggested.
As is known, the decomposition of rare earth nitrates
Ln(NO3)5-6H,0 is not a simple process of water loss. The
stability of octahedral complex cations [Ln(H20)6]3+ is 8O
high that part of NO5 groups present in these compounds
are eliminated before a complete dehydration is achieved,
or at least simultaneously with this process. In this context,
the conclusions drawn from the thermal decomposition
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Fig. 1 Structure of
Pr(NO3)3-6H,0. From [2] with
modifications

kinetics of the alleged “dehydrated” nitrates [14] are
questionable when the compounds are obtained using a
method that, in principle, would not have allowed prepar-
ing anhydrous salts. The purpose of the present investiga-
tion is to revert to the thermolysis of the title hexahydrate
offering a different and more realistic scheme of events,
especially at the onset of the process.

Materials and methods

The initial reagent employed was praseodymium nitrate
trihydrate Pr(NO3);-6H,O, of analytical grade purity pur-
chased from Sigma-Aldrich. Direct heating of the com-
mercial reagent up to 1073 K resulted in mass loss of
61.5%, confirming the water number of three (calc. value
62.1%). The reason for a small difference will be discussed
below. Thermal gravimetric analysis (TG) and differential
scanning calorimetry (DSC) were used to study thermal
behavior, in both cases employing a Netsch STA Jupiter
449 C Instrumentation. Test specimens of the starting
material (5 mg) were heated in a flux of argon
(50 mL min~", 99.998% purity; oxygen content < 5 ppm)
in a 303-773 K temperature range, at a heating rate of
283 K min~"'. Platinum microreceptacle was used for heat
treatment. Mass losses during heating were analyzed and
compared with previously calculated values. Visual
observations were carried out in air, using a platinum
receptacle, from room temperature to 573 K. The samples
were sealed in glass ampoules in a hot condition in order to
avoid the impact of water vapors from the air. The evo-
lution of volatiles was measured using a Tensor 27 Bruker
FTIR spectrometer attached to the aforementioned Netsch
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STA Jupiter 449C instrumentation. Temperature of the
transport gas line was 513 K. The IR spectra were detected
in a 7004000 cm™' range, taken for 12 s at a frequency
accuracy of 1 cm™'. The identification of the spectra was
done on the basis of NIST Chemistry WebBook [15].

Results and discussion

As established by visual observations, the title compound
melts in its own water of crystallization becoming a
greenish transparent liquid at around 348 K. This liquid
begins to boil at ~ 398 K, and immediately the odor of
gaseous HNOj starts to feel. This behavior is characteristic
to that of other nitrates hexahydrates [6—8, 12, 13]. Then, at
a temperature above 623 K brown vapors of nitrogen
dioxide are released.
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The DSC analysis of Pr(NO3)3;-6H,O is presented in
Fig. 2. At lower temperatures, no solid—solid phase tran-
sition was found, at least over 233 K. From approximately
311 K on, a series of endothermic effects becomes evident,
reflecting the dehydration/decomposition processes. Along
with TG pattern, their analysis can be used for a careful
interpretation of results.

The representative TG curve of Pr(NOs3);-6H,O is
shown in Fig. 3. The first mass loss is due to water evap-
oration after fusion of the original hexahydrate at
310-321 K. This temperature is also confirmed by direct
visual observation, when the melt loses gas bubbles and
turns into a clear liquid. It is well known that the decom-
position onset for the nitrates of trivalent metals is gener-
ally below 373 K [16]. In this respect, praseodymium
nitrate is not an exception. The first mass loss (1.3%) at
314-455 K corresponds to 2 mol of evaporated water,
taking into account the presence of six monomers at the
start of decomposition process. Between 455 K and 633 K,
the compound loses 26.1% of its mass, corresponding to
15 mol of water and 6 mol of nitric acid. Removal of
HNO; appears to occur in two subsequent sub-steps.
Indeed, this acid, or rather the azeotrope 68% HNO;-32%
H,O with the boiling point 393 K [17], is detected by the
IR sensor during the thermal treatment. Nitric acid is
identified by its characteristic absorption bands at 892,
1319, 1508, 1596, 1631 and 1716 cm™".

The 3D diagram of IR spectrum shown in Fig. 4 gives a
general view of absorption at sequential temperatures.
Dynamics of HNOj; removal is illustrated in Fig. Sa.

The next loss of mass (24.6%) occurs between 633 and
723 K, corresponding to the removal of 16 mol of water,
12 mol of nitric dioxide and 6 oxygen. The observation of
the characteristic brown color of nitrogen dioxide and the
known instability of HNO;5 at high temperatures suggest
that the acid in its molecular form is not actually present. It
is known that the thermal decomposition of nitric acid
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Fig. 4 Temperature-dependent 3D diagram of IR spectra of the
Pr(NO3)3-6H,0 thermal decomposition

represents a reversible endothermic reaction and almost
quantitatively proceeds according to the reaction [18]:

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

The presence of nitrogen dioxide at this temperature was
further confirmed by the IR spectrum of the volatile
products, showing the characteristic bands at 1595 and
1629 cm™' (Fig. 6). Oxygen in principle cannot be regis-
tered by this technique due to the lack of changing dipole
moment.

This suggests a mechanism that implies the previous
formation of N,Os with immediate disproportionation into
nitrogen dioxide and atomic oxygen:

N205 - 2N02 + o (2)

The curves of simultaneous equilibrium of NO, NO,, N,O3
and N,O, show that above 613 K nitrogen dioxide is the
only existing phase and HNO; practically does not exist
[19, 20]. This is evident from the complex dynamics of
NO, removal illustrated in Fig. 5b. The Gram-Schmidt
curve, which describes integrated spectral absorbance of
volatile products, corresponds to the TG curve (Fig. 7).

So, at least up to 573 K 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; consequently, solid phases cannot be
isolated and identified. It would be reasonable to assume
that the pyrolysis curves reflect the presence of various
chemical products, not single stoichiometric compounds of
definite composition. Unfortunately, amorphous oxyni-
trate(s) cannot be unambiguously identified by means of IR
spectra due to the overlapping bands of nitrate ion and
water. Table 1 shows the compositions of the reaction
products with expected and experimentally found mass
losses at different stages of thermal treatment.
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Table 1 Mass losses at different stages of Pr(NO53)3;-6H,O pyrolysis
and compositions of the volatile products in relation to the initial six
monomers

H,0 HNO; NO, O Exp. Calc.

[6 Pr(NO3);]-36H,0 2 1.3 14
[6 Pr(NO3);]-34H,0 15 6 26.1  26.7
Prg(NO3)1,05-16H,O 16 12 6 507 507
Prg Og.99 61.5 62.1
Total loss (mol) 33 6 12 6
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experimental mass losses may be explained by the presence
of excessive oxygen in the oxidized form of praseodymium
oxide.

Actually, after the denitrification has been completed,
the only remaining compound is praseodymium oxide.
Nevertheless, the X-ray diffraction pattern of the latter
shows that the problem is not as simple as it presented itself
in an earlier publication [3]. In fact, the diagram given in
Fig. 8 allows identifying the final product of thermal
decomposition as non-stoichiometric PryO;33 or PrgOg g9
formed far from equilibrium (published X-ray pattern:
ICSD file 647294). This leads to the suggestion that a
dynamic oxidation process is taking place that involves
internally produced atomic oxygen with the concomitant
disproportionation of the oxide. It means, consequently,
that a higher non-stoichiometric oxide might be formed as
the solid residue. In a previously published research [21],
the similar phase could have been obtained exclusively by
the use of radiation with an electron beam. These consid-
erations are in accordance with the thermodynamic
assessment of the Pr—O system [22]. A notable feature of
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Fig. 8 X-ray powder diagram of the final product of thermal
decomposition
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this phase diagram is hysteretic behavior whereby different
equilibrium oxygen pressures are observed depending on
whether an oxidation or reduction path is present. In the
present instance, we are definitely dealing with a process of
partial oxidation.

In our specific case, the proposed mechanism involves
the initial formation of a normal oxide Pr,O5; (3) which
absorbs about 1 mol of oxygen giving rise to the non-sto-
ichiometric compound (4). The resulting scheme (5) shows
that all mass losses are satisfactorily accounted for under
the following mechanism of 6[Pr(NO3);-6H,0] thermal
decomposition:

6[Pr(NO3); - 6H,0] = Pr,03 4+ 6HNO; + 12NO,
+33H,0 + 30, (3)

3Pr,0; + 0.990 = 3P, 05 33 (4)

6[Pr(NO3)3 . 6H20} = 3Pr,0333 + 6HNO3 + 12NO,
+33H,0 + 50 5)

Indeed, that suggests that at least 6 mol of Pr(NOs3);.
6H,0 is involved in the condensation process. Naturally,
like in the instance of AI(NOs3)3;-6H,O [7] or Sc(NO3)s.
3H,0 [9] which contain cations with small ionic radii, we
might start considering the condensation of 2 and 4 mol,
respectively, but in this case, at the end of the process, we
would have to resort to fractional values of stoichiometric
coefficients for volatile products, and the need for further
condensation up to 6 monomers. This is corroborated by
the structures of hexanuclear clusters containing six rare
earth atoms [23, 24].

Conclusions

1. The hexahydrate of praseodymium nitrate hexahydrate
Pr(NO3);-6H,0 does not show phase transitions in the
range of 233-328 K when the compound melts in its
own water of crystallization.

2. It is suggested that the thermal decomposition is a
complex step-wise process, which involves the con-
densation of 6 mol of the initial monomer Pr(NOj3);.
6H,0 into a cluster 6[Pr(NO5);-6H,O0].

3. This hexamer gradually loses water and nitric acid, and
a series of intermediate amorphous oxynitrates is
formed.

4. The removal of 68% HNO3;—32% H,O azeotrope is
essentially a continuous process occurring in the liquid
phase.

5. At higher temperatures, partially hydrated oxynitrates
undergo thermal degradation and lose water, nitrogen

dioxide and oxygen, leaving behind normal praseody-
mium oxide Pr,Os.

6. The latter absorbs approximately 1 mol of atomic

oxygen from N,Os disproportionation, giving rise to
the non-stoichiometric higher oxide Pr,0; 33.

7. All mass losses are satisfactorily accounted for under

the proposed scheme of thermal decomposition.
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