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Abstract

Four sulphato and nitrato complexes of cerium(IV), viz. (NH4)4Ce(SO4)42H20 (1),
(NH4)2Ce(SO4)3 (2), (NH4)2Ce(NO;3)s (3) and CszCe(NO3)s (4) were studied by simultaneous
TG/DTA under various experimental conditions in order to establish their decomposition mecha-
nism and to compare the results with the literature data which have been reviewed. In the case of
the ammonium compounds (1, 2 and 3) the decompositions are accompanied by changes in the
oxidation state of cerium; the presence of Ce(1ll) and Ce(IV) were studied by ex sirtu magnetic
susceptibility and XPS measurements. The crystal structure of (1) was determined as well. It
forms monoclinic crystals with space group P2i/c; the parameters of the unit cell are:
a = 12.638(18) A, b = 11.362(10) A, ¢ = 13.607(11) A, P = 110.17(9)°, V = 1834.05 A®.
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Introduction

Existing and expected applications of rare earth compounds as superconduc-
tors, components or additives in catalysts, in thin films for electronic and op-
toelectronic devices, etc. have resulted in an increasing interest in the properties
and reactions of rare earth complexes because of their potential use as precur-
sors for those materials. Earlier in our laboratory some rare earth sulfato and
nitrato complexes have been structurally and thermally characterized, e.g.
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NH4Sm(SO4)2—4H20 [1] and (NH4)2L8(N03)5'DH20 (n = 3, 4) [2], and the
structural, physical and chemical properties of inorganic complexes of rare
earths have been reviewed in detail [3, 4].

In the present paper we report on the thermal decomposition and structural
characteristics of four inorganic complexes of cerium(IV) where ammonium
and cesium act as counter ions, viz. (NHs)4Ce(SO4)4-2H20 (1), (NH4)2Ce(SO4)s
(2), (NH4)2Ce(NOs)s (3) and Cs2Ce(NOs)s (4). Because of the partly contradic-
tory reports, the literature is reviewed in sufficient detail in order to facilitate a
comparison of the present results with the earlier investigations.

Literature survey
Ammonium sulphates of Ce(IV)

Tetraammonium cerium(IV) sulphate dihydrate (1), being a well-defined and
stable compound may be used as a starting material for syntheses requiring ce-
rium(IV). It is also being used as an oxidizing agent. Its crystal structure has
not been described in the literature. The potassium analog belongs to the P2,/c
space group and contains nine-coordinated cerium(IV) ions [5].

Several other ammonium cerium(IV) sulphates exist [6]: (2) and its tri-
and dihydrate, (NH4)sCe(SO4)s:3H20, (NH4)sCe(SO4)snH,O (n = 3, 5) and
(NH4)10Ce(SO4)73H20. The crystal structures of these compounds have not
been described either. The cesium analog of (NHg);Ce(SOq4)s, i.e.,
Cs2Ce(S04)3, crystallizes in the space group P2,; half of the cerium ions are oc-
tacoordinated while the other half is nine-coordinated [7].

Since the early 60s, several reports have been published on the thermal be-
haviour of (1), where the loss of the two water molecules is the first step [8, 9].
The further degradation (which is clearly separated from the dehydration) con-
sists of several steps, and the final product at about 900°C is cerium(IV) oxide
[6]. However, there are contradicting results and conclusions on the decompo-
sition steps and intermediates. In the early studies it was concluded that the pla-
teau in the TG curve at 550-700°C corresponded to an intermediate with the
composition 3Ce0,-4S0; (expressed also as 2Ce(SO4)2-Ce0, or Ces02(SO4)4
[6, 8-10]. The occurrence of cerium(IV) sulphate was regarded probable dur-
ing the formation of this intermediate [10].

Quite detailed investigations on (1) were carried out by Bondar et al. [11].
On the basis of TG and DTA curves as well as IR spectra and chemical analysis
of the intermediate products, the following reaction path was put forward (note

" the decrease and subsequent increase of cerium oxidation state):

2(NH4)4Ce(S04)42H,0 — 2(NH4)4Ce(SO04)s o>
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(NH4)25207 + 2NH4HSO, + 2NH4C6(SO4)2 —>
2NH4Ce(S04); —> Cex(SO0q)s — 2Ce0, ¢

IR spectra were used to identify NH4Ce(SO4); and the disulphate ion. The
article, however, fails to establish which species is oxidized during the reduc-
tion of Ce(IV); the evolution of ammonia and water is only mentioned in the
second transformation.

Ce(IV) — Ce(Ill) — Ce(IV) transition had been included earlier in the ther-
mal decomposition schemes of various cesium cerium sulphates as well [12].
Here the evolution of elementary oxygen was detected by mass spectrometry
during the cerium reduction.

House and Kemper [13] also assumed the formation of disulphate. The reac-
tion sequence proposed by them was based on the mass loss ratios:

(NH4)4CC(SO4)4'2H20 —> (NH4)4C6(SO4)4 —>
CeS045,07 > Ce(SO4)2 (2)

More recently, TG, DTA as well as elemental analysis and magnetic suscep-
tibility measurements of 5 products formed during heating of 1 were applied by
Sharma et al. [14]. In agreement with Bondar er al. [11, 12] they concluded
that Ce(III) was formed during the decomposition but that the final product con-
tained tetravalent cerium. Two intermediate phases (NHs)3Ce(SO4)ss and
NH4Ce(SOs), were proposed [14]. In a recent work dealing with the thermal
decomposition of Ce(SO4),:4H,0 [15], anhydrous cerium(V) sulphate and,
subsequently, cerium(III) sulphate were found as intermediates; cerium(IV) ox-
ide was the final product. The changes in the oxidation state were confirmed by
magnetic moment measurements,

It is worth mentioning here that changes in the oxidation state of cerium(IV)
have been reported in other systems, too. Examples include the reaction of CeO,
with ammonium dihydrogen phosphate [16] and Pd—-Ce catalysts [17]. Other
XPS [18-20] and X-ray absorption studies {21, 22] also revealed a mixed oxi-
dation state in formally tetravalent cerium compounds and their thermal decom-
position products. Cerium in the final product CeO, was generally found or
regarded clearly tetravalent. However, a mixed oxidation state was suggested in
Refs [20, 22].

On the other hand (2) itself has not been studied by thermoanalytical tech-
niques, but it was found to occur as an intermediate in the decomposition of cor-
responding hydrates. Thus, (NH4);Ce(SO4)5-3H,0 transforms first to the
dihydrate upon heating, then loses the remaining two water molecules yielding
(2) [9]. According to a recent report, the anhydrous phase also occurred as a
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stable intermediate when the cerium(IIl) complex NH4Ce(SO4)2H,O was
heated [23].

Ammonium nitrates of Ce(IV)

Among complexes of tetravalent cerium, ammonium cerium nitrate (3) is of
special importance. It has been used as an oxidizing agent in reactions of or-
ganic compounds, as an initiator in polymerization and graft copolymerization
processes and as a precursor for cerium-containing catalysts. Besides, standard
solutions of cerium(IV) for cerimetry are made of (3). It forms crystals in the
space group P2,/n; the structure contains 12-coordinated Ce atoms with six bi-
dentate nitrato groups [24].

The first detailed study on the thermal decomposition of ammonium cerium
nitrate was reported by Brezina and Rosicky [25]. According to their observa-
tions, (3) decomposed at 185-340°C, corresponding to Eq. (3):

(NH4),Ce(NOs)s > 2N,0 + 4H,0 + CeO;, + 4NO; + O, 3)

In the decomposition of the potassium and cesium analogs, alkali nitrates
and Ce(IV) oxide were the products:

MzCC(NOs)s — 2MNO; + Ce0O, + 4NO; + O, (M =K, CS) (4)

The decomposition of potassium nitrate and cesium nitrate was reported to
commence at 450 and 510°C, respectively. Though the TG curves indicated sev-
eral overlapping steps, the authors concluded that the thermal decomposition of
the starting complexes directly yielded CeQ,. However, (NH4)HCe(NOs)s and
CeO(NO:s), were proposed by Zaki and Baird [26] as intermediates of (3) de-
composition.

The occurrence of intermediates has been debated in the case of simple ce-
rium nitrates, as well. In his pioneering study, Wendlandt [27] found no mass
plateaus in the thermal decomposition of cerium(III) nitrate hexahydrate; after
a gradual loss of water and nitrogen oxides he obtained CeO, at 450°C. Thermal
reactions of cerium(III) nitrate hydrates were also investigated by Pajakoff [28]
in oxygen. On the basis of chemical analysis cerium(IV) compounds: Ce(NOs)4
and CeO(NO)3), were proposed as intermediates. Claudel ez al. [29] as well as
Molodkin et al. [30] did not find any oxonitrate intermediate in the thermolysis
of cerium(Ill) nitrate hexahydrate. A similar conclusion was later drawn by
Strydom and van Vuuren [31] as well as by Ivanov-Emin and Medvedev [32]
who started from the anhydrous compound. It is relevant to mention, however,
that other Ln(III) nitrates have been reported to decompose via oxonitrate inter-
mediates [27, 31, 33].
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In view of the complex reaction mechanisms and contradicting literature
data, it was decided to undertake the present study involving four Ce(IV) com-
plexes. The compounds were first structurally characterized when no data ex-
isted. The intermediate phases and final products were identified by ex situ
experiments involving magnetic susceptibility measurements, XPS and XRD.
The cesium complex (4), expected to be isostructural with (3) was used for
comparative studies in order to find out the possible reducing effect of ammo-
nium ions in the decomposition.

Experimental

Analytical grade ammonium cerium(IV) sulphate dihydrate,
(NH4)4Ce(S04)4-2H20, (Merck, Art. No. 2273) was used as the starting mate-
rial to prepare (1). For structural investigations it was dissolved in 3% sulphuric
acid solution and recrystallized at 80°C after partial evaporation of water. Of
this batch, some single crystals were selected for the structure determination
while the remaining part was used after grinding for thermoanalytical and X-ray
powder diffraction measurements. (2) was prepared from (1) which was dis-
solved in 20% sulphuric acid and recrystallized at 100°C. It was also investi-
gated by thermoanalytical and X-ray diffraction methods.

Ammonium cerium(IV) nitrate (3) was recrystallized from an analytical
grade commercial reagent (Merck, Art No. 2276). Cesium cerium(IV) nitrate
(4) was obtained from Ce(OH)s and CsNO; by the procedure described in
Ref. [25].

Single crystal X-ray diffraction data were measured on a Syntex P2, diffrac-
tometer, and the calculations were carried out with the aid of program package
SHELX-76. In the X-ray analysis of powder samples, a Philips MPD 1880 dif-
fractometer with CuK, radiation was used.

Simultaneous TG and DTA curves were recorded in a Seiko 320 instrument
belonging to the SSC 5200 series both in flowing air and nitrogen atmospheres.
Sample mass was 5-7 mg; 10 and 2 deg-min™' heating rates were applied. For
the analysis of the evolved gases, a TG-MS system assembled in our laboratory
[34] and a commercial TG-IR apparatus were applied. The sample size in the
former system was 60—70 mg and the heating rate was 10 deg-min'. The cou-
pled TG-FTIR runs were carried out in a BOMEM TG/Plus system consisting
of a DuPont 951 thermobalance and a BOMEM MB 102 FTIR spectrometer. In
these experiments, 120 mg samples were heated at 10 deg-min”" in flowing he-
lium and spectra were recorded every 30 s.

For ex situ studies on intermediate and final products, the starting material
was treated isothermally at temperatures determined on the basis of the TG
runs. The samples obtained in this way were characterised by magnetic suscep-
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tibiliiy measurements, XPS and XRD. In the determination of magnetic mo-
ments an Oxford Instruments Faraday balance was applied. 10 mg samples were
measured at room temperature in fields of 0.5 and 0.8 T. XPS spectra were re-
corded with a VG ESCA 200 instrument using monochromatized AlK, radia-
tion.

Results and discussion

Structure and thermal decomposition of ammonium cerium(IV) sulphates

According to the results of X-ray diffraction analysis, the single crystals of
(NH4)4Ce(SO4)4-2H,0 were monoclinic, space group P2y/c. The parameters of
the unit cell and their corresponding standard deviations (in parentheses) are as
follows: a = 12.638(18) A, b = 11.362(10) A, ¢ = 13.607(11) A, B =
110.17(9)° and V = 1834.05 A’. These values are very close to the unit cell pa-
rameters of KsCe(SO4)42H20 (@ = 12.407 A b = 11.160 A, ¢ = 13.579 A,
B =111.63°, V = 1747.78 A’ [5], i.e., the two solids appear isostructural. A
detailed description of the crystal structure of (1) will be presented elsewhere
[35].
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Fig. 1 TG curves of (NH4)4Ce(SO4)42H;0 (1) and (NH4)2Ce(SO4)3 (2) recorded in flowing

nitrogen with 10 deg-min™' heating rate. For the suggested compositions at the indi-
cated points, Tables 1 and 2
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Figure 1 shows the TG curves of the two ammonium cerium(IV) sulphates.
On the TG curves, roman numerals (following the code of the substance used in
the text) are assigned to the plateaus and inflexions. Tables 1 and 2 contain the
mass percentages belonging to the points selected on the basis of the DTG
curves, as well as compositions of the proposed intermediates and products. In
all tables the temperatures are rounded to nearest five degrees. Theoretical mass
ratios are also included. The shape of the TG curves and the weight loss data
were practically independent of the atmosphere used (inert or oxidative).

Table 1 Evaluation of the TG curves of (NH4)4Ce(S04)42H20 (Fig. 1)

Point Temperature Mass Proposed Theoretical
no. °C remaining / % composition residue / %
1-1 165 93.8 (NH4)4Ce(SO4)4 94.3
1-11 385 55.9 (NH4)Ce(SO4)2 55.3
1-111 485 45.1 Ce(S09)3n 44.9
1-1v > 800 27.3 CeO2 27.2

Table 2 Evaluation of the TG curves of (NH4);Ce(SO4); (Fig. 1)

Point Temperature Mass Proposed Theoretical
no. °c remaining / % composition residue / %
2-1 395 76.3 (NH4)Ce(SOs)2 75.4
2-11 505 60.6 Ce(SO04)3/2 61.2
2-11 > 800 36.7 Ce0O, 37.1

In the case of (1), the first process is dehydration (Figs 1 and 2).
NH4Ce(SO4)2 and Cex(SOq); are then formed and indicated by the second and
the third plateau of the TG curve. The presence of paramagnetic cerium(III) was
confirmed by the magnetic moment values as can be seen in Table 3. The final
product (1-1V) is cerium(IV) oxide, which was confirmed by XRD.

Accordingly, the following scheme may be proposed for the decomposition
reaction sequence for (1):

(NH4)4Ce(SO4)s-2H20 —> (NH4)4Ce(SOs)s + 2H,0 40-160°C 5)
(NH.)4Ce(SOq)s —> (NH4Ce(SOs); +H20, NH3, NOy, SO;, O, 240-380°C  (6)
NH4Ce(SO4s)2 = Ce(SOs)s2 +1/2H,0 +NH; +1/2S0; 410-470°C  (7)
Ce(SO4)32 > CeO, + 1/280; + SO; - 630-770°C ®)

The temperature ranges in Eqs (5-8) correspond to the TG curves recorded
at the 10 deg-min™ heating rate. Note that the scheme assumes a
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Ce(IV) —» Ce(lll) > Ce(IV) reduction/oxidation sequence, similar to the
models presented in Refs [11, 12, 14]. In Eq. (6), only a list of possible prod-
ucts is given without a quantitative evaluation. Ammonia, most likely, plays a
role in cerium reduction. Furthermore, the ratio of the gaseous products in a
dynamic system is not relevant for composition of the condensed phase.
(NH4)2S04, however, may be present during the reaction as its decomposition
takes place in that temperature range [36].

Table 3 Magnetic moments of ammonium cerium(IV) sulphate and decomposition products.
(NH4)4Ce(S04)42H,0 may be used as reference substance for cerium(IV); for
cerium(III) Ce(NO3)36H,0 was measured as standard and a magnetic moment of
2.2 B.M. was obtained

c . Corresponding Magnetic Qualitative
omposition AT inti

- point in Fig. 1 moment / B.M. description
(NH4)4Ce(S04)42H,0 - 0.0 diamagnetic
(NH4)4Ce(SO04)4 1-1 0.0 diamagnetic
(NH4)Ce(SO04)2 1-11, 2-1 1.95 paramagnetic
Ce(S04)312 1-111, 211 2.08 paramagnetic

The decomposition of (2) proceeded in a similar way, i.e. compositions
NH4Ce(S04)2, Cez(SO4)s and CeO, may be assigned to stages 2-I, 2-1I and 2-
III, respectively. The first decomposition step at 300-395°C may be written as
follows

(NH4)2Ce(SO4)s &> NH4Ce(SO4), +1/2H,0 + NH; +S0; + 1/40, 9

The next steps are identical with Eqs (7) and (8) though process (7) became
complete at a temperature slightly higher (490°C) than in the case of
(NH4)4C8(SO4)4'2H20.

The results of TG-IR runs are in agreement with the reaction schemes de-
scribed above. The evolution of the gas phase products of reactions (5-9) were
detected in the relevant temperature ranges. Reaction (5) was accompanied by
water evolution. In the temperature ranges belonging to reactions (6), (7) and
(9), water, ammonia and sulphur oxide peaks were observed. Sulphur oxides
were the only detected products of process (8). One should note, however that
the IR gas analysis cannot detect oxygen or separate the various sulphur oxides.

Relatively weak signals were obtained for the decomposition products in the
TG-MS assembly [34) and the peaks became very broad in comparison to TG.
This made the assignment of the signal to a particular step of the decomposition
quite difficult. It is worth mentioning, however, that oxygen evolution was de-
tected in the temperature range corresponding to steps (6) and (7). The weak
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MS signals are most likely caused by ammonium sulphate condensation in the
heated connecting capillary. For comparison, cerium(IV) sulphate tetrahydrate
was measured under the same conditions, and satisfactory peaks were detected
at the proper decomposition steps for m/e = 32, 48, and 64 corresponding to
02, SO and SO,, respectively.

DTA signal
O_ Y
i T ;
\/‘\ If‘\\\.-’/’ \\
\ A ’l S
\\ l|l T~
\ v T~
o
-
\l
\
0_ \
6 uv
T T T T ) T T T P
280 360 440 s20 T°C

Fig. 2 DTA peaks of (NH4)4Ce(SO4)42H,0 (1) related to the loss of ammonia in air (- - - -)
and nitrogen ( ); heating rate: 10 deg-min”"

The simultaneous TG-DTA measurements on (1) and (2) were run in flow-
ing air as well. The overall shape of the TG curves did not depend on the atmo-
sphere, the residual mass values being virtually identical with those
summarized in Tables 1 and 2. However, DTA curves indicated differences in
the endothermic/exothermic character of the decomposition steps leading to
NH4Ce(SO,), and Ce(SOq4)s32. The DTA curves of (1) are presented in Fig. 2.
The intensity and the area of the endothermic peak around 360°C was smaller
in air than in nitrogen and in air it was split. Moreover, the next process became
exothermic when carried out in air. Taking into account that practically no dif-
ference was observed regarding the condensed phase, the changes in the heat ef-
fect may be attributed to the oxidation of evolved ammonia. This reaction is
catalysed by the platinum sample holder [10].

J. Thermal Anal., 42, 1994



352 POKOL et al.: COMPLEXES OF CERIUM(V)

Thermal decomposition of ammonium and cesium nitrates of cerium(IV)

Figure 3 shows TG curves of (3) run in flowing nitrogen with two heating
rates. The weak inflexions of the TG curve can only roughly be assigned to
stoichiometric intermediates and their isolation is impossible. Moreover, the
volatilization of ammonium nitrate formed in the decomposition may also influ-
ence the shape of the curves.

100
]

m, %

4
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Fig. 3 TG curves of (NH4)2Ce(NOs)s (3) in flowing nitrogen with 10 deg-min™’ (
2 deg-min'1 (- - - -) heating rate. For the suggested composition at the indicated
points, Tables 4 and 5

) and

The ex situ measurements were used to resolve the oxidation states of the in-
termediates. Thus, (3) was isothermally processed at 210°C for 2 h in order to
prepare a sample corresponding to intermediate 3-I (Fig. 3 and Tables 4 and ).
The obtained susceptibility confirmed the presence of paramagnetic ce-
rium(III). Consequently, the following reaction sequence is proposed for the
thermal decomposition of (3):

(NH4),Ce(NO;3)s & Ce(NOs);s  170-255°C 10)
Ce(NOs); — CeO; and/or CeOys  255-290°C (11)
When the cesium compound (4) was studied by TG/DTA (Figs 4, 5 and Ta-

bles 6, 7) there were some temperature differences in runs carried out in nitro-
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Table 4 Evaluation of the TG curves of (NH4)2Ce(NO3)s recorded with a heating rate of
10 deg'min”' (Fig. 3). a—in nitrogen; b — in air. In Fig. 3 only the a-curve is

depicted
Point Temperature / Mass Proposed Theoretical
no. °C remaining / % composition residue / %
3-1a 255 55.6 Ce(NO3)3 59.5
3-1b 255 57.0
3-dla 480 28.9 CeO; 31.4
3-Ib 480 29.3

Table § Evaluation of the TG curves of (NH4)2Ce(NOs)s recorded with a heating rate of
2 deg'min™' (Fig. 3). a — in nitrogen; b — in air. In Fig. 3 only the a-curve is shown

Point Temperature / Mass Proposed Theoretical
no. °C remaining / % composition residue /%
31a 240 55.1 Ce(NO3); 59.5
3-Ib 240 533
3-Ila 400 30.0 CeO, 314
3-Ib 570 29.9
0
Am,% 4
20
40
60|
80|
]

© o100 300 500 760 900 T,°C

Fig. 4 TG curves of Cs;Ce(NOs)s (4) recorded with a heating rate of 10 deg:min”' in nitro-
gen ( ) and air (- - - -). For the suggested compositions at the indicated points,
Table 6
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gen but the TG data in air were remarkably similar. TG curves recorded with
10 deg'min"' and 2 deg-min™ heating rates are presented in Figs 4 and 5, re-
spectively. The decomposition reactions covered a wide temperature range.
With both heating rates, the process above 600°C was affected by changing the
atmosphere from inert gas to air. Further studies are required in order to iden-
tify the intermediate appearing in the TG curves recorded in air just before the
final product. The parameters of characteristic points of the curves are summa-
rized in Tables 6 and 7. Based on stoichiometry, a cesium cerium(IV) oxoni-
trate may be proposed as the first intermediate.

m, % 100

30

1
60|
40

]

4.1V a

20 —X/

4 4-IVDHb

T T T T T T 1 T 1 T
200 400 600 800 1000 T,°C
Fig. § TG curves of Cs;Ce(NOs)¢ (4) recorded with a heating rate of 2 deg'min" in nitrogen
( ) and air (- - - -). For the suggested compositions at the indicated points, Ta-
ble 7

In order to determine whether cerium(III) occurs in the intermediates of ce-
sium cerium(IV) nitrate thermal decomposition, (4) was thermally treated in air
at 360°C for 8 h and at 450°C for 2 h. The products corresponded to a mixture
of intermediates 4-1 and 4-1II in the first case and to stage 4-II in the second case.
Both products were found to be diamagnetic. Accordingly, cerium is in the
+4 oxidation state throughout the thermal decomposition of (4) and the follow-
ing reaction products may be suggested:

Cs,Ce(NOs)s > Cs,CeO(NOs)s  220-285°C (12)

J. Thermal Anal., 42, 1994



POKOL et al.: COMPLEXES OF CERIUM(IV) 355

Cs2:CeO(NO3)s — Cs;Ce05(NOs),  285-440°C (13)
CSzCCOz(NOs)z - CSzCCOa 500-6900(: (14)
Cs,Ce0; - CeO;  690-1000°C (15)

The approximate temperature ranges indicated in Eqs (10-15) belong to the
10 deg-min" heating rate.

Table 6 Evaluation of the TG curves of Cs2Ce(NOs)s recorded with a heating rate of
10 deg~mirfl (Fig. 4). a — in nitrogen; b — in air

Point Temperature / Mass Proposed Theoretical
no. °C remaining / % composition residue / %
4ia 285 89.7 Cs2CeO(NO3)4 86.1
4-1b 285 90.1
4-1la 455 73.6 Cs2Ce02(NO3)2 72.2
4-1I b 475 73.5
411l a 675 54.3 Cs3Ce0s 58.3
4-1l1 b 685 55.5
41V a 1000 21.2 CeO> 221
4-IVb 1000 21.0

Table 7 Evaluation of the TG curves of Cs;Ce(NOs)s recorded with a heating rate of
2 degmin™ (Fig. 5). a - in nitrogen; b — in air

Point Temperature / Mass Proposed Theoretical
no. °C remaining / % composition residue / %
41a 290 86.2 Cs2CeO(NOs)4 86.1
4-1b 290 - 84.8
4-I1a 430 74.3 Cs2Ce02(NO3)2 72.2
4-11b 440 73.1
41V a 1000 225 CeO; 22.1
4-1IVb 940 21.6

The difference between the decomposition of ammonium cerium(IV) nitrate
and cesium cerium(IV) nitrate with regard to the oxidation state of cerium can
be attributed to the presence of ammonium as a counter ion in (3), acting as a
reducing agent. When comparing the thermal behaviour of the nitrato com-
plexes with that of the sulphate compounds our data suggest also that Ce(IV) co-
ordinated by sulphate ligands may more easily be reduced than when it is
surrounded by nitrato ligands. In fact, Ying and Rudong found that
Ce(S04),-4H,0 is reduced to Ce,(SO4); when heated in air above 450°C [15].
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In the case of the cerium ammonium sulphate the temperature needed for reduc-
tion is significantly lower, however.

One should note that the reaction equations (6—8 and 10-11) should be re-
garded as limiting cases expressing a unit change in the oxidation state of ce-
rium. Taking into account the previous results suggesting a mixed oxidation
state [17-22], the system may also be described by mixtures of compounds con-
taining formally trivalent and tetravalent cerium.
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Fig. 6 Survey XPS spectra of a sample obtained by heating (NH4)2Ce(NO3)¢ for 2 h at
210°C (above) and the Ce 3d transitions of the same spectra (below)

XPS study

A complete analysis of cerium 3d photoemission spectrum is complicated in-
volving in partially reduced samples the analysis of ten peaks [37]. However,
the well-defined 3ds/; peak is due to Ce(IV) only and can be qualitatively used
as a probe for the presence of Ce(IV) and the degree of reduction. Furthermore,

J. Thermal Anal., 42, 1994



POKOL et al.: COMPLEXES OF CERIUM(IV) 357

XPS offers a more sensitive tool for the detection and possible determination of
Ce(lII) and Ce(IV) than magnetic susceptibility measurements.

In general, the results obtained were in agreement with the susceptibility
measurements but, for example, the XPS data (Fig. 6) revealed, by the presence
of the Ce 3ds/; peak at 915 eV, that the sample assumed to be Ce(NOs)s had par-
tially decomposed to CeOs,.

Conclusions

The structure of (1) was solved from single crystal X-ray diffraction data and
it appears to be isostructural with K4Ce(S04)4-2H,0. On heating (1) first looses
the two molecules of water. The other intermediates and final products of the
thermal decomposition of (1) and (2) are the same: NH4Ce(S04)2, Ce(SO4)s/2
and CeO,. The intermediates and their temperature ranges do not depend on the
inert or oxidative nature of the surrounding atmosphere. The latter, however, in-
fluences the heat effect of decomposition steps owing to the oxidation of ammo-
nia. The occurrence of Ce(IIl) was proven by XPS and magnetic susceptibility
measurements.

Ce(NOs3)s is probably an intermediate in the thermal decomposition of (3);
large overlap between successive steps of the decomposition makes the isolation
of the intermediate impossible, however. The presence of cerium(III) during the
decomposition was proven by magnetic moment determination. The decompo-
sition sequence of (4) includes Cs,CeO(NO;3)s, Cs2Ce0,(NOs),, Cs;CeOs and
CeO,. The presence of Ce(IV) in the intermediates was proven by XPS and
magnetic susceptibility measurements.

The differences among the compounds studied with regard to changes in ce-
rium oxidation state can be explained by the reducing effect of ammonium ions.
A comparison of our results as well as those of other authors [15] suggest that
the sulfato ligand relative to nitrate also plays a role in the reduction process.
This interesting finding of the Ce(IV) reduction in the presence of various li-
gands warrants a further study.
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Zusammenfassung — Zur Ermittlung des Zersetzungsmechanismus und zum Vergleich der Re-
sultate mit den im Uberblick angegebenen Literaturangaben wurden mittels simultaner TG/DTA
unter verschiedenen Versuchsbedingungen vier Sulfato- und Nitratokomplexe von Zer(IV), nim-
lich von (NH4)4CC(SO4)4'2H20 (1), (NH4)2CC(SO4)3 (2), (NHa)zCe(NO;g)g (3) und CSzCC(NOg)a
(4) untersucht. Im Falle der Ammoniumverbindungen (1, 2 und 3) werden die Zersetzungen von
Anderungen des Oxidationszustandes von Zer begleitet; die Gegenwart von Ce(Ill) und Ce(IV)
wurde durch ex situ Messungen der magnetischen Suszeptibilitdt und durch XPS-Messungen un-
tersucht. Weiterhin wurde auch die Kristallstruktur von 1 ermittelt. Diese Verbindung bildet mo-
noklinische Kristalle der Raumgruppe P2i/c; die Parameter der Elementarzelle lauten: a =
12.638(18) A, b = 11.362(10) A, ¢ = 13.607(11) A, 8 = 110.17(9), V = 1834.05 A’.
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