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Introduction

Metal oxalates form an extended class of inorganic com-
pounds that are of significant relevance in both chemistry
and biology. In particular, in solid-state synthesis they are
widely employed as versatile precursors for the preparation
of multinary oxides along all-solid-state routes.[1–5] Two ap-
proaches are commonly used: either individual oxalates or
mixtures of oxalates and oxides are decomposed thermally
under mild conditions, thus providing particularly reactive

binary oxides that can serve as reactants for solid-state syn-
thesis, or various alternative precursors are treated directly
with oxalates to yield the desired multinary oxide. In either
case it would be highly desirable to know the conditions
under which the decompositions occur and the structural
evolutions during the course of the transformations to the
corresponding intermediate carbonates, or oxides, respec-
tively. In this context, anhydrous alkali-metal oxalates can
serve as a source for highly reactive carbonates, which can
be utilized as sources of basic oxides for the synthesis of
alkali-metal oxometalates.

Until recently, only the crystal structures of Li2[C2O4]
[6]

and Na2[C2O4]
[7,8] at room temperature had been published.

In 2003 we reported the crystal structures of K2[C2O4],
Rb2[C2O4], and Cs2[C2O4] under ambient conditions, as de-
termined by X-ray powder diffraction.[9] Our investigation
resulted in the first example of a staggered oxalate anion in
the solid state, in Cs2[C2O4] and in one of the two poly-
morphs of Rb2[C2O4].

Research has also been conducted on the thermal behav-
ior and decomposition of lithium,[10] potassium,[11,12] rubidi-
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Abstract: The high-temperature phases
of the alkali-metal oxalates M2[C2O4]
(M= K, Rb, Cs), and their decomposi-
tion products M2[CO3] (M =K, Rb,
Cs), were investigated by fast, angle-
dispersive X-ray powder diffraction
with an image-plate detector, and also
by simultaneous differential thermal
analysis (DTA)/thermogravimetric
analysis (TGA)/mass spectrometry
(MS) and differential scanning calorim-
etry (DSC) techniques. The following
phases, in order of decreasing tempera-
ture, were observed and crystallograph-
ically characterized (an asterisk de-
notes a previously unknown modifica-
tion): *a-K2[C2O4], *a-Rb2[C2O4], *a-

Cs2[C2O4], a-K2[CO3], *a-Rb2[CO3],
and *a-Cs2[CO3] in space group P63/
mmc ; *b-Rb2[C2O4], *b-Cs2[C2O4], *b-
Rb2[CO3], and *b-Cs2[CO3] in Pnma ;
g-Rb2[C2O4], g-Cs[C2O4], g-Rb2[CO3],
and g-Cs2[CO3] in P21/c ; and d-
K2[C2O4] and d-Rb2[C2O4] in Pbam.
With respect to the centers of gravity
of the oxalate and carbonate anions,
respectively, the crystal structures of all

known alkali-metal oxalates and carbo-
nates belong to the AlB2 family, and
adopt either the AlB2 or the Ni2In ar-
rangement depending on the size of
the cation and the temperature. De-
spite the different sizes and constitu-
tions of the carbonate and oxalate
anions, the high-temperature phases of
the alkali-metal carbonates M2[CO3]
(M= K, Rb, Cs), exhibit the same se-
quence of basic structures as the corre-
sponding alkali-metal oxalates. The
topological aspects and order–disorder
phenomena at elevated temperature
are discussed.
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alkali metal oxalate · crystal struc-
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um, and cesium oxalates[13, 14] using differential thermal anal-
ysis (DTA) and differential scanning calorimetry (DSC)
techniques. While no phase transition was found for lithium
oxalate up to its decomposition temperature, several trans-
formations were reported for the higher homologues (see
Table 1 for the transition temperatures). An additional

phase transition was reported for potassium oxalate at a
temperature of around 480 K upon cooling.[11] While the
thermal degradation of oxalates has been studied extensive-
ly by thermo-analytical techniques,[15–18] the concomitant
structural transformations have remained essentially unex-
plored, and no crystal structures of the high-temperature
phases of the oxalates have been published. Here we report
systematic, in situ studies, by powder diffraction using syn-
chrotron radiation and thermal analysis, on the response of
potassium, rubidium, and cesium oxalates to heating.

Results and Discussion

The phase transitions and the decomposition of anhydrous
potassium, rubidium, and cesium oxalate were monitored in
situ with synchrotron radiation in the temperature range
from room temperature up to 900 K at ambient pressure,
and by simultaneous thermal analysis (DTA/TGA/MS) as
well as DSC. The previously reported phase transitions,
found by using DTA and DSC techniques,[11–14] were con-
firmed by X-ray powder diffraction. The thermal analyses
for potassium, rubidium, and cesium oxalate show that the
decomposition of the compounds to the corresponding car-
bonate phases occurs in a narrow temperature range be-
tween 780 and 800 K with generation of carbon monoxide
and of the secondary products carbon dioxide and oxygen.

The mass loss for potassium oxalate is 16.6 % (calcd
16.9 %); it is 10.1 % (10.8 %) for rubidium oxalate and 7.8 %
(7.9 %) for cesium oxalate. The decomposition of the corre-
sponding carbonates is observed to start at a temperature of
between 1150 and 1200 K. Endothermal peaks in the DTA
and DSC data indicate several phase transitions of the
alkali-metal oxalates (see Figure 1 and Table 1). Only the
first phase transition (d to g) of rubidium oxalate has not
been mentioned in the literature before, while a previously
reported transition of potassium oxalate, which was only ob-
served during a cooling cycle,[11] could not be confirmed by
us. The broad, first peak in the first heating cycle (DSC) of
rubidium oxalate corresponds to the decomposition of a
small amount of rubidium oxalate hydrate.

The nomenclature of the phases was chosen in such a way
that the aristotype in space group P63/mmc, which is found
for all investigated alkali-metal oxalates and carbonates, is
denoted the a-phase. All phases occurring upon cooling are
given consecutive Greek letters in the order they appear,
with the condition that structurally related phases of differ-
ent compounds receive the same letter (Table 2). For consis-
tency, the previously found a (P21/c) and b (Pbam) poly-
morphs of rubidium oxalate are renamed (a to g and b to
d).[9]

In the course of the preparation of anhydrous rubidium
oxalate, the monoclinic g-phase, which is metastable under
ambient conditions relative to the orthorhombic d-phase, is
frozen-in. As a result, freshly prepared rubidium oxalate
consists of a mixture of both polymorphs, while heating
above, or storing at, room temperature leads to a complete
phase transition into the orthorhombic form, which is stable
at room temperature.

During the in situ synchrotron powder diffraction experi-
ments, potassium, rubidium, and cesium oxalate were first
heated until complete decomposition into the corresponding
high-temperature carbonate phases had occurred. In agree-
ment with the DSC data, one phase transition for potassium
oxalate (d!a), three phase transitions for rubidium oxalate
(d!g!b!a), and two phase transitions for cesium oxalate
(g!b!a) were observed. Subsequently, the decomposition
products rubidium and cesium carbonate were also moni-
tored by X-ray diffraction upon cooling. Upon cooling to
room temperature two phase transitions (a!b!g) each

Table 1. Comparison of the DTA/DSC temperatures (in K) for phase
transitions and decomposition of M2[C2O4] (M=K, Rb, Cs), with litera-
ture values. The temperature data from this work correspond to the
onset values. For the determination of the decomposition points, the
TGA curves (293–1273 K) were used, whereas for the phase transitions
the DTA curves were used (293–773 K).

d !g !b !a Decomp Method Heating rate Ref.
[K min�1]

644 800 DTA 10
K2[C2O4] 295 – – 662 – DSC 5

654 699 DTA 2,5 [11, 12]

497 623 629 781 DTA 10
522 647 660 – DSC 5

Rb2[C2O4] 295
– 653 661 723 DTA 10 [14]

– – – 748 DTA 5 [13]

645 690 780 DTA 10
Cs2[C2O4] – 295

661 718 – DSC 5
673 724 743 DTA 10 [14]

748–753 DTA 5 [13]

Table 2. Nomenclature used throughout this paper for the different
room- and high-temperature phases of M2[C2O4] and M2[CO3] (M =K,
Rb, Cs), based on the observed structure type.

a b g d

K2[CO3] P63/mmc C2/c P21/c –
Rb2[CO3] P63/mmc Pnma P21/c –
Cs2[CO3] P63/mmc Pnma P21/c –
K2[C2O4] P63/mmc Pnma P21/c Pbam
Rb2[C2O4] P63/mmc Pnma P21/c Pbam
Cs2[C2O4] P63/mmc Pnma P21/c –
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were observed for rubidium and cesium carbonate. For po-
tassium carbonate, the room- (g) and the two high-tempera-
ture phases (b and a) were already known.[19–21] The depend-
ence of the lattice parameters on temperature and the range
of existence of the different alkali-metal oxalate and carbon-

ate phases are given in Figure 2, Figure 3, and Figure 4 for
K, Cs, and Rb, respectively.

In DSC, a large hysteresis was observed for the phase
transition from the d- to the a-phase of potassium oxalate
(Figure 1). This was confirmed by monitoring the change in

lattice parameters by in situ powder diffraction in an addi-
tional heating–cooling experiment with a maximum temper-
ature well below the decomposition temperature (Figure 5).
This behavior indicates a kinetically inhibited process with a
high activation energy, which is supported by the fact that
no intermediate b- and g-phases, as in the cases of the rubi-
dium and cesium oxalates, occur.

None of the literature values for the unit-cell parameters
of high-temperature phases of potassium, rubidium, and
cesium oxalate have been confirmed.[11,13,14]

The previously unknown crystal structures of a-K2[C2O4],
a-Rb2[C2O4], a-Cs2[C2O4], a-Rb2[CO3], a-Cs2[CO3], b-
Rb2[C2O4], b-Cs2[C2O4], b-Rb2CO3, and b-Cs2[CO3] (see
Table 3 and Table 4), as well as the previously reported crys-
tal structures of g-Rb2[C2O4], g-Cs[C2O4], g-Rb2[CO3], g-
Cs2[CO3], d-K2[C2O4], and d-Rb2[C2O4], were solved and/or
refined from the powder-diffraction data (see Figure 6,
Figure 7, and Table 5). With respect to the lower data quali-
ty, only LeBail-type fits were performed for the different
phases of cesium carbonate, but the similarity of the powder
patterns to those of the rubidium carbonate phases led us to
the conclusion that the a-, b-, and g-phases of Rb2[CO3] and
Cs2[CO3] are isostructural.

Figure 1. Differential scanning calorimetry (DSC) data for a) K2[C2O4],
b) Rb2[C2O4], and c) Cs2[C2O4]. Two consecutive heating/cooling cycles
with a heating/cooling rate of 5 K min�1 are shown.

Figure 2. Powder diffraction patterns, lattice parameters, and cell volumes
of K2[C2O4] and K2[CO3] as a function of temperature in the range from
298 K to 856 K (1.8 Kmin�1).
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Figure 4. Powder diffraction patterns, lattice parameters, and cell volumes
of Cs2[C2O4] and Cs2[CO3] as a function of temperature in the range
from 298 to 892 K (2.7 Kmin�1) and back down to 298 K (2.7 K min�1).

Figure 3. Powder diffraction patterns, lattice parameters, and cell volumes
of Rb2[C2O4] and Rb2[CO3] as a function of temperature in the range
from 298 to 838 K (2.4 Kmin�1) and back down to 298 K (4.8 K min�1).

Figure 5. Powder diffraction patterns, lattice parameters, and cell volumes
of K2[C2O4] as a function of temperature in the temperature range from
298 to 655 K (2.3 Kmin�1) and back down to 360 K (2.3 Kmin�1).

Figure 6. Three-dimensional representation and two-dimensional projec-
tion (“simulated heating-Guinier pattern”) of the observed scattered X-
ray intensity (z axis) for Rb2[C2O4] as a function of diffraction angle 2q

(x axis, 8–258 2q) and scan number (y axis, 1–200). The temperature
range is from 298 to 873 K (2.4 K min�1; scans 1–133) and back down to
298 K (4.8 Kmin�1; scans 134–200). The wavelength was 0.9224 �. This
figure was prepared with Powder3D.[42]
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The crystal structures of the g- and d-modifications of the
higher homologues of the alkali-metal oxalates have been
described in detail previously;[9] for the convenience of the
reader a short summary is given here. In the d- and g-
phases, the oxalate anions can be considered static, with the
oxalate anions in two different conformations: planar in the
d-phase and staggered in the g-phase (998 for g-Cs2[C2O4]
and 948 for g-Rb2[C2O4]). The layered crystal structures of
the d-modification of potassium and rubidium oxalate con-

tain alternating layers of planar
oxalate anions and alkali-metal
cations. The oxalate anions
form infinite parallel chains
along the c direction, with the
length of the c-axis as spacer.
The C�C bonds of the oxalate
molecules are alternately in-
clined by approximately �208
relative to the a axis, which
leads to a herringbone arrange-
ment (Figure 8 a). Each alkali-
metal cation is surrounded by
eight oxygen atoms in the form
of a distorted cube. Two cubes
form a pair through a common
face, and these pairs are
stacked to form infinite chains
along the c axis.

In contrast, the crystal struc-
tures of the g-modification of
rubidium and cesium oxalate
are framework structures (Fig-
ure 8 b). Each of the two crys-
tallographically different alkali-
metal cations is surrounded by
a different number of oxygen
atoms to form irregular poly-
hedra. The alkali-metal atoms
Cs(1) and Rb(1) are each coor-
dinated to nine oxygen atoms
(distances 3.069(9) to
3.557(9) � for cesium and
2.888(6) to 3.386(5) � for rubi-
dium), from six different oxa-
late anions, in the form of a dis-
torted tetragonal antiprism that
is capped at one of its trigonal
planes, whereas the alkali-metal
cations Cs(2) and Rb(2) are co-
ordinated to ten oxygen atoms
(distances 3.015(8) � to
3.737(9) � for cesium and
2.816(7) � to 3.580(7) � for ru-
bidium), from only five differ-
ent oxalate anions, in the form
of an irregular polyhedron.

A detailed description of the
coordination spheres of the alkali-metal cations in the crys-
tal structures of the a- and b-phases of the alkali-metal oxa-
lates is not meaningful due to the apparent disorder of the
oxalate anions. Therefore, only the conformation of the oxa-
late anions in the different modifications and the principal
packing motifs were investigated further.

In the b- and a-phases, the oxalate anions are staggered
and disordered. The basic packing of the g-phase is pre-
served. For the b-phase, a twofold disorder model with the

Table 3. Crystallographic data for refined high-temperature alkali-metal oxalate phases. Rp and Rwp refer to
the Rietveld criteria[41] of fit for profile and weighted profile respectively.[33]

b-Rb2[C2O4] b-Cs2[C2O4] a-K2[C2O4] a-Rb2[C2O4] a-Cs2[C2O4]

space group Pnma Pnma P63/mmc P63/mmc P63/mmc
Z 4 4 2 2 2
a [�] 8.1647(7) 8.6378(4) 6.2643(1) 6.47255 (8) 6.6333(1)
b [�] 6.5809(6) 6.7824(3) =a =a =a
c [�] 10.9325(8) 11.2733(4) 7.9281(2) 8.2612(2) 8.8411(2)
temperature [K] 640 701 752 683 807
Rp [%] 4.15 1.71 0.81 1.70 0.90
Rwp [%] 6.71 2.85 1.35 2.81 1.84
RF

2 [%] 13.37 11.34 4.04 5.46 43.73[a]

no. of reflections 220 238 49 53 57
no. of variables 13 18 14 18 18

[a] The high Bragg R value is due to difficulties in the integration of the image-plate data.

Table 4. Crystallographic data for refined alkali-metal carbonate phases. Rp and Rwp refer to the Rietveld crite-
ria[41] of fit for profile and weighted profile respectively.[33]

g-Rb2[CO3] b-Rb2[CO3] a-Rb2[CO3] a-K2[CO3]

space group P21/c Pnma P63/mmc P63/mmc
Z 4 4 2 2
a [�] 5.8745(2) 7.6840(4) 5.8960(1) 5.6948(9)
b [�] 10.1290(4) 5.8912(4) =a =a
c [�] 7.3073(3) 10.1437(6) 7.8026(8) 7.3301(3)
b [8] 97.292(4) – – –
temperature [K] 385 734 860 835
Rp [%] 4.67 3.82 2.96 2.57
Rwp [%] 6.07 5.33 5.36 3.44
RF

2 [%] 6.48 6.61 8.91 6.31
no. of reflections 294 210 42 84
no. of variables 45 47 10 78

Table 5. Measurement parameters of the temperature-dependent in-situ X-ray powder-diffraction experiments
on potassium, rubidium, and cesium oxalate.

K2[C2O4] Rb2[C2O4] Cs2[C2O4]

temperature range [K] 298!655!360 298!838!298 298!892!298
298!856 – 298!760

exposure time [s] 120 30 120
60 – 180

development time [s] 80 80 80
total time per scan [s] 200 110 200

140 – 260
total scan number 87 200 120

135 – 55
heating/cooling rate 2.34/2.34 2.37/4.75 2.7/2.7
[K min�1] 1.8 – 2.15
wavelength [�] 0.9224 0.9224 0.9224
2q range [8] 7.01–46.02 5.99–46.98 6.00–46.99
step width [8] 0.022 0.024 0.023
diameter of capillary [mm] 0.5 0.5 0.3
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oxalate anion rotating around an axis perpendicular to the
principal axis proved sufficient to describe the powder-dif-
fraction data reasonably well (Figure 8 c). The disorder in-
creases significantly for the a-phase, however. In addition to
the rotation described for the b-phase, additional rotations
of the carboxyl groups exist, which lead to a quasispherical
entity. In this case, the powder-diffraction data suggest a 24-
fold disorder model (Figure 8 d). In addition, the mobility of
the cations increases drastically in a nonuniform way with
increasing temperature; this could be satisfactorily modeled
by refining an anisotropic temperature factor.

All investigated alkali-metal carbonate phases (Figure 9)
are isotypic to their corresponding alkali-metal oxalate
phases given by the same phase identifier, despite the differ-
ent shapes of the anions. Refinement of the crystal structure
of the room temperature modification of g-Rb2[CO3] (and
isostructural g-Cs2[CO3] confirmed the literature data.[22]

The differences between the g-, b-, and a-phases for potassi-
um, rubidium, and cesium carbonate are mainly due to the
different orientations of the rigid carbonate ion: whereas in
the g-modification the carbonate ions are inclined around
two axes with respect to each other, they are inclined
around only one axis in the b-phase because of an additional
mirror plane running through the CO3

2� ions. Therefore, no
disorder model is necessary to match the powder-diffraction

pattern of the b-modification. In b-Rb2[CO3], and isostruc-
tural b-Cs2[CO3], the two crystallographically independent
alkali-metal cations are coordinated by a different number
of oxygen atoms. While Rb(1) is coordinated by seven
oxygen atoms belonging to five different carbonate anions
in the form of a twofold-capped tetragonal pyramid (Rb�O
distances of 2.985(7)–3.09(2) �), Rb(2) is octahedrally coor-
dinated by six oxygen atoms of six different carbonate
anions (Rb�O distances of 2.688(3)–3.15(2) �. The carbon-
ate anion itself has almost ideal planar-trigonal symmetry,
with C�O distances of 1.28(2)–1.28(6) �). The principal ori-
entation of the carbonate anion in the b-modification still
exists in the a-modification, except for the 24-fold disorder,
which causes the oxygen positions to be smeared out. It is
noteworthy that the “sphericity” created by the disorder is

Figure 7. Scattered X-ray intensity for A) K2[C2O4] at 752 K and B) for
Rb2[CO3] at 385 K as a function of diffraction angle 2q. The observed
patterns (diamonds), the best Rietveld-fit profiles (line), and the differ-
ence curves between observed and calculated profiles are shown in an
additional window below. The high-angle parts are enlarged by a factor
of 5, starting at 258 2q. The wavelength was 0.9224 �.

Figure 8. Ball-and-stick representation of the crystal structures of
Rb2[C2O4]: a) the orthorhombic (Pbam) d-phase at 298 K in a projection
down the c axis; b) the monoclinic (P21/c) g-phase at 298 K in a projec-
tion down the c axis; c) the orthorhombic (Pnma) b-phase at 640 K,
showing the disorder of the oxalate anions, in a projection down the b
axis; d) the hexagonal (P63/mmc) a-phase at 683 K, showing the disorder
of the oxalate anions, in a projection down the c axis.

� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1119 – 11291124

R. E. Dinnebier, M. Jansen et al.

www.chemeurj.org


much less pronounced for the
carbonate phases than it is for
the oxalate phases (Figure 8,
Figure 9).

To get an easy access to the
crystal structures and the topol-
ogies of the different high-tem-
perature phases of the alkali-
metal oxalates and carbonates,
one can replace the oxalate or
carbonate ions by a sphere at
their center of gravity; that is,
either the center between the
C�C bond of the oxalate anion
or the location of the carbon
atoms in the case of the carbon-
ate anion (Figure 10). As a gen-
eral rule, all crystal structures
of the alkali-metal oxalates and
carbonates observed so far, at
different temperatures, belong
to the AlB2 family (according
to the definition used in the
binary edition of the Pauling
file[23]). The group–subgroup re-
lationship for all anhydrous
alkali-metal oxalates and
carbonates, based on prelimina-
ry investigations[24] with the
alkali-metal hyponitrites and
some of the alkali-metal carbo-
nates, is shown in Figure 11.
Depending on the size of the
cations and the anions, two ide-
alized structure types occur
within this family: the AlB2

type (P6/mmm ; anion at 0,0,0

Figure 9. Ball-and-stick representation of the crystal structures of Rb2[CO3]: a) the monoclinic (P21/c) g-phase at 385 K in a projection down the c axis;
b) the orthorhombic (Pnma) b-phase at 734 K in a projection down the b axis; (c) the hexagonal (P63/mmc) a-phase at 860 K, showing the disorder of
the carbonate anions, in a projection down the c axis.

Figure 10. A comparison of the crystal packing of the d- (Pbam, upper left), g- (P21/c, upper right), b- (Pnma,
lower left), and a-phase (P63/mmc, lower right) of potassium, rubidium, and cesium oxalate and carbonate in
projections perpendicular to the (pseudo)-hexagonal layers of the anions. The center-of-gravity locations of
the oxalate and carbonate anions (white balls) and the positions of the alkali-metal cations (gray balls) are
drawn. The size of the balls was chosen for clarity. The fractional height of the cations is given. Solid lines con-
nect anions at height 0, while hollow lines connect anions at height 1/2.

Chem. Eur. J. 2005, 11, 1119 – 1129 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1125

FULL PAPERAlkali-Metal Oxalates

www.chemeurj.org


and cation at 1/3,2/3,1/2) and the Ni2In type (P63/mmc ;
anion at 2/3,1/3,1/4 and cations at 0,0,0 and 1/3,2/3,1/4). The
hexagonal layers of the anions and the positions of the
alkali-metal cations deviate from the idealized ones for all
crystal structures in space groups other than those of the ar-
istotypes. Furthermore, the degree of distortion with respect
to the idealized structure types varies greatly with tempera-
ture, with the size and polarizability of the alkali-metal cati-
ons, and with the conformation and disorder of the anion.

In the layered AlB2 type, the anions show a primitive hex-
agonal AAA (ph) packing and the two trigonal prismatic
voids between two anionic layers are filled by the cations. In
this way the trigonal prisms share all five faces with neigh-
boring trigonal prisms, their three side faces within a layer,
and their two base planes with consecutive layers. For the
alkali-metal oxalates, this building principle is observed for
Li2[C2O4] (P21/c), Na2[C2O4] (P21/c), d-K2[C2O4] (Pbam),
and d-Rb2[C2O4] (Pbam) in order of decreasing distortion.
The smaller the cation, the more it is shifted out of the
center of the trigonal prisms. It appears that the oxalate
anion must be in a flat conformation. As soon as the confor-
mation of the oxalate anions changes to a staggered confor-
mation, either static at lower temperature or disordered at
higher temperature, the Ni2In-type crystal structure is pre-
ferred. In case of the alkali-metal carbonates, only b-Li2CO3

(C2/c)[19,25] adopts a strongly distorted variant of the AlB2

structure type. With increasing size of the cation the Ni2In-
type crystal structure is preferred.

In the Ni2In type, the anions form a distorted hexagonal
close-packing ABA (hcp) structure with half of the cations

located in an octahedral void
and the other half located in a
trigonal bipyramidal void. The
c/a relation strongly deviates
from ideal hcp, thus distorting
the octahedral voids to rhombic
bipyramidal voids (Table 6).
The structures may best be de-
scribed by two interpenetrating
frameworks of the two different
anion polyhedra. The trigonal
bipyramids are interconnected
at the three corners of the
trigonal base plane to form
two-dimensional trigonal nets
in the ab plane. Consecutive
planes along the c direction are
rotated by 1808 around the c
axis (63-screw axis). Thus, the
three edges containing the
vertex of each trigonal pyramid
are shared between consecutive
layers. The rhombic bipyramids
are oriented in such a way that
two trigonal faces, perpendicu-

lar to the c axis, are shared with rhombic bipyramids of
neighboring layers. Within the ab plane, the rhombic bipyra-
mids are connected by the six remaining edges to form a
hexagonal net in projection. The voids between consecutive
layers are filled by the trigonal bipyramids, which share all
six faces with the rhombic bipyramids of two consecutive
layers (three with each layer). In general, the degree of dis-
tortion decreases with increasing temperature (Figure 10).
This structural feature is found for g-Na2[CO3] (C2/m), b-
Na2[CO3] (C2/m), a-Na2[CO3] (P63/mmc), g-K2[CO3] (P21/
c), b-K2[CO3] (C2/c), a-K2[CO3] (P63/mmc), g-Rb2[CO3]
(P21/c), b-Rb2[CO3] (Pnma), a-Rb2[CO3] (P63/mmc), g-
Cs2[CO3] (P21/c), b-Cs2[CO3] (Pnma), a-Cs2[CO3] (P63/
mmc), a-K2[C2O4] (P63/mmc), g-Rb2[C2O4] (P21/c), b-
Rb2[C2O4] (Pnma), a-Rb2[C2O4] (P63/mmc), g-Cs2[C2O4]
(P21/c), b-Cs2[C2O4] (Pnma), and a-Cs2[C2O4] (P63/mmc).

Figure 11. A lattice of observed crystallographic subgroups of all known room- and high-temperature phases
of the alkali-metal oxalates and carbonates starting from the hexagonal close-packed archetype in P63/mmc (t:
Translationsgleich, k: Klassengleich).

Table 6. The deviation from ideal hexagonal packing (primitive hexago-
nal (ph) and hexagonal closed packed (hcp)) for the room- and high-tem-
perature modifications of Rb2[C2O4].

Rb2[C2O4] Angle of the Inclination of c/a
hexagonal mesh hexagonal planes
[8] [8]

g 114.4–122.6 8.4 1.26–1.32
b 117.8–121.0 3.0 1.24–1.25
a 120 0.0 1.27–1.31
ideal hcp 120 0.0 1.633
d 119.1–121.7 0.0 0.561
ideal ph 120 0.0 1.0
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Starting from the close-packed Ni2In aristotype in space
group P63/mmc, the subgroup relations of all observed space
groups within the alkali-metal oxalate and carbonate series
are given in Figure 10. The crystallographic relationships be-
tween the different crystal structures are best viewed in the
projection of Figure 12. The matrices for transforming the
unit-cell dimensions for the oxalate series are given, in 4 � 4
notation, by:

Further evidence for the general underlying packing prin-
ciple of the alkali-metal oxalate and carbonate phases is
given by the fact that, for the heavier alkali metals rubidium
and cesium, the sequence of phase transitions from the g-
via the b- to the a-phase, as well as their crystal structures,
are the same for the oxalates and the carbonates.

Thus, the sequence of high-temperature phase transitions
of the alkali-metal oxalates and carbonates can best be un-
derstood from geometrical and energetic considerations.
The disorder of the oxalate and carbonate groups at high
temperatures provides significant entropic stabilization of
the high-temperature phases relative to the low-temperature
ordered structures. It has been shown that the alkali-metal
oxalates and carbonates tend towards hexagonal close-
packed crystal structures, and that the different phases are
mainly distinguished by changes in the anionic packing. The
driving force for the structural phase-transitions is clearly re-
lated to the steric requirements of the anions, which change
due to the increasing dynamics at higher temperature. Inter-
estingly, the “sphericity” of the anions, either static or dy-
namic, is more important than the actual radius of the
“spheres”.

Conclusion

A comprehensive study of the potassium, rubidium, and
cesium oxalates with respect to their behavior at elevated
temperatures has revealed a surprisingly uniform structural
evolution of all three representatives. All crystal structures
of the alkali-metal oxalates can be reduced to two basic
structure types, the AlB2 and the Ni2In type, by substitut-

ing the alkali-metal cations
for boron or nickel, and the
barycenters of the oxalate
anions for aluminum or indium.
This holds true for all high-
temperature modifications as
well. With the exception of the
d!g transitions, all transitions
are driven by the onset or en-
hancement of dynamical rota-
tional disorder of the anions.
Despite the different shapes of
the oxalate and carbonate
anions, both families of alkali-
metal salts exhibit the same
basic structural features. As a
general tendency, the Ni2In ar-
rangement gains preference
over the AlB2 packing type
with increasing temperature
and increasing effective radius
of the cations. From the struc-
tural observations, convincing
evidence can be derived that
the process of thermal degrada-
tion of the alkali-metal oxalates
to their carbonates is topo-
chemical in nature.

Experimental Section

Preparation : Potassium, rubidium, and cesium oxalate were prepared by
dehydration of the corresponding monohydrates for 18 h at a tempera-
ture of 373 K under vacuum. Potassium oxalate monohydrate was used as
purchased (K2[C2O4]·H2O, Fluka, puriss. p. a.). Rubidium and cesium ox-
alate monohydrate were synthesized by treatment of the corresponding
carbonates (Rb2[CO3], Alfa Aesar, p. a.; Cs2[CO3], Chempur, p. a.) with
oxalic acid dihydrate (H2[C2O4]·2H2O, Fluka, puriss. p. a.) in an aqueous
solution. The solution was stirred for 12 h at 353 K, and the water was
subsequently removed by distillation. The precipitates were washed with
diethyl ether and acetone. The dehydrated oxalates were handled under
argon to prevent any possible contamination with water.

Thermal analysis : Thermal analyses of potassium, rubidium, and cesium
oxalate were conducted using DSC as well as simultaneous DTA/TGA/
MS techniques. DSC measurements were carried out with a DSC 404 cal-
orimeter (Netzsch, Selb) at a heating rate of 5 Kmin�1 in vacuum with
the samples sealed in aluminum boxes. For DTA/TGA/MS investigations
a Simultaneous-Thermal-Analysator STA 409 (Netzsch, Selb) was used,
with the samples in alumina crucibles in an argon flow of 100 mL min�1

at a heating rate of 10 Kmin�1. All temperatures given are the onset
values of the corresponding peak. While for the phase-transition temper-

Figure 12. A packing diagram of the crystal structures of d-K2[C2O4] at 295 K (Pbam) and a-K2[C2O4] at 752 K
as projections down the c-axis giving only the center-of-gravity locations for the oxalate anion. The idealized
AlB2 (left) and Ni2In (right) structure types are clearly visible.
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ature the DSC data were analyzed, the DTA/TGA data were used for
the decomposition.

Powder diffraction : In situ X-ray powder-diffraction data of potassium,
rubidium, and cesium oxalate at high temperature were collected in
transmission geometry with a hot, small-environment cell for real-time
studies on a motorized goniometer head at beamline X7B at the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory.
X-rays of energy 13.5 keV were selected by a double flat-crystal mono-
chromator in ultra-high vacuum located 8 m from the source. The X-ray
beam was focused vertically by a spherical, rhodium-coated, silicon car-
bide mirror located 5 m from the source and horizontally by a cylindrical
aluminum mirror with nickel plating coated by rhodium located 13 m
from the source. The size of the beam was adjusted to a height of approx-
imately 0.5 mm and a width of 2 mm. As detector, a MAR 345 image-
plate reader was set up perpendicular to the beam path at a distance of
approximately 170 mm from the sample. LaB6 was used as an external
standard to determine the beam center, sample-to-detector distance,
exact wavelength, and tilting angle of the image plate. The samples were
contained in sealed quartz capillaries with diameters between 0.3 and
0.5 mm loaded in a sapphire tube of 0.8 mm diameter attached to a flow-
reaction cell.[26, 27] The temperature was monitored and controlled by a
0.01 in thermocouple (Omega) which was inserted straight into the sap-
phire tube adjacent to, and in contact with, the sample capillary. The
sample was aligned such that the sample closest to the thermocouple was
in the X-ray beam path. The samples were heated in the temperature
range from room temperature up to 900 K by a small resistance heater
wrapped around the sapphire tube. During exposure, the samples were
rocked for several degrees in order to improve randomization of the crys-
tallites. Exposure times of between 30 s and 1 min were chosen depend-
ing on the saturation intensity of the image plate. Integration of the full-
circle powder patterns was performed using the program FIT2D[28, 29] to
give diagrams of corrected intensities versus the scattering angle 2q

(Figure 6). Reflections due to the single-crystal sapphire capillary were
excluded. We observed that the diffracted intensity was quite uniformly
distributed over the Debye–Scherrer rings, thereby ruling out severe
grain-size effects and preferred orientation. Low-angle diffraction peaks
had a typical FWHM of 0.158 2q. Further experimental details can be
found in Table 5.

Data reduction on all powder-diffraction patterns was performed using
the GUFI program.[30] Several previously unknown high-temperature
phases of the alkali-metal oxalates and their decomposition products
(carbonates) were detected. The observed phases were named according
to Table 2. Indexing of all previously unknown high-temperature phases
with ITO[31] led to the lattice parameters given in Table 3 and Table 4.
The number of formula units per unit cell could be determined from
volume increments. The extinctions found in the powder patterns indicat-
ed P63/mmc for a-K2[C2O4], a-Rb2[C2O4], a-Rb2[CO3], a-Cs2[C2O4], and
a-Cs2[CO3], and Pnma for b-Rb2[C2O4], b-Rb2[CO3], b-Cs2[C2O4], and b-
Cs2[CO3] as the most probable space groups; these were later confirmed
by Rietveld refinements. The peak profiles and precise lattice parameters
were determined by LeBail-type fits[32] using the programs GSAS[33] and
FULLPROF.[34, 35] The background was either modeled manually with
GUFI or by using orthogonal Chebyshev polynomials up to order 15 as
implemented in GSAS. The peak-profile was described by a pseudo-
Voigt function in combination with a special function that accounts for
the asymmetry due to axial divergence.[36, 37] The powder patterns of the
b-phases in Pnma exhibit anisotropic peak broadening, which is mainly
caused by lattice strain and could be modeled by the phenomenological
strain model of Stephens,[38] using six parameters, as implemented in
GSAS.

All previously unknown crystal structures were solved using the DASH
structure-solution package.[39] The measured powder patterns were sub-
jected to a Pawley refinement[40] in space groups P63/mmc for the a-
phases and space group Pnma for the b-phases in order to extract corre-
lated integrated intensities from the pattern. Good fits to the data were
obtained. An internal coordinate description of the oxalate and carbon-
ate moieties was constructed using bond lengths, angles, and torsion
angles (in the case of the oxalate anion) from corresponding alkali-metal

oxalate and carbonate phases.[9] The torsion angle between the two car-
boxylate groups of the oxalate anion could not be assigned a precise
value in advance, and was thus treated as an internal degree of freedom
in the simulated annealing procedure. The positions of the two crystallo-
graphically independent alkali-metal cations, as well as the position, ori-
entation, and conformation of the oxalate and carbonate anions in the
unit cell, were postulated and the trial structure was subjected to a global
optimization in direct space using DASH. The structure giving the best
fit to the data was validated by Rietveld refinement[41] of the fractional
coordinates obtained at the end of the simulated annealing run.

With respect to the lower data quality, only LeBail-type fits could be per-
formed for the different phases of cesium carbonate, but the similarity of
the powder patterns to those of the rubidium carbonate phases led us to
the conclusion that the a-, b-, and g-phases of Rb2[CO3] and Cs2[CO3]
are isostructural.

Rigid-body Rietveld refinements (Figure 7) were performed on all
powder patterns of K2[C2O4] (a- and d-modification), Rb2[C2O4] (a, b, g,
and d), Cs2[C2O4] (b, g, and d), and a-K2[CO3] and Rb2[CO3] (a, b, and
g). The unit-cell parameters, the background, and the peak profile were
taken from the corresponding LeBail fits. The strong (presumably) dy-
namic disorder of the high-temperature phases of the alkali-metal oxa-
lates and carbonates was modeled depending on the quality of the
powder-diffraction patterns by rigid-body TLS refinement and/or by split
positions according to space-group symmetry (up to 24-fold for P63/
mmc). Agreement factors (R values) are listed in Table 3 and Table 4,
and the coordinates are given in the Supporting Information. The intra-
molecular distances were fixed within the rigid bodies and are not dis-
cussed. Due to the disorder, the packing is discussed on the basis of the
center of gravity locations of the oxalate and carbonate anions.

Further details of the crystal-structure investigation of the alkali-metal
carbonates can be obtained from the Fachinformationszentrum Karls-
ruhe, 76344 Eggenstein-Leopoldshafen, Germany, (fax: (+49) 7247-808-
666; e-mail : crysdata@fiz.karlsruhe.de on quoting the depository numbers
CSD-414120 (a-K2[CO3]), CSD-414121 (a-Rb2[CO3]), CSD-414122 (b-
Rb2[CO3]), and CSD-414123 (g-Rb2[CO3]).

CCDC-241896 (a-K2[C2O4]), CCDC-241897 [d-K2[C2O4]), CCDC-241898
[a-Rb2[C2O4]), CCDC-241899 (b-Rb2[C2O4]), CCDC-241893 (g-
Rb2[C2O4]), CCDC-241900 (d-Rb2[C2O4]), CCDC-241901 (a-Cs2[C2O4]),
CCDC-241894 (b-Cs2[C2O4]), and CCDC-214895 (g-Cs2[C2O4]) contain a
part of the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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