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Abstract: We report the crystal struc-
ture of rubidium peroxodicarbonate,
which was synthesized by electrocrystal-
lization at T� 257 K, from laboratory
X-ray powder diffraction data. The
compound crystallizes in the monoclinic
space group P21/c with four formula
units per unit cell and cell parameters
of a� 7.9129(1), b� 10.5117(1), c�

7.5559(1) ä, �� 102.001(1)�, and V�
614.75(1) ä3. The packing can be con-
sidered as a strongly distorted CsCl type

of structure. The conformation of the
peroxodicarbonate anion was found to
be planar (C2h symmetry), in contrast to
the staggered conformation of the per-
oxodicarbonate anion in the respective
potassium peroxodicarbonate. The dif-
ferent conformation is attributed to
packing effects.
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Introduction

The derivatives of H2O2, organic as well as inorganic,
constitute an extended family of industrial chemicals[1] that
find widespread applications as initiators in polymerization,
as selective oxidants in chemical synthesis, as non-selective
oxidants for waste water regeneration, as bleaching agents, or
as disinfectants.[2±6] At the same time, they have always
attracted significant academic interest since the basic features
of the respective central O�O bond, length and dihedral
angle, are determined by an intricate interplay of various
interactions. These range from crystal packing effects, Pauli
and Coulomb repulsions between the attached groups, and
antibonding �-orbital interactions, whereby the latter, cru-
cially depend on the electronegativity of the substituents.
Accordingly, the dihedral angles across the O�O bonds in
peroxides vary over the wide range from 86,7� to 180�.
Typically, values around 90� are found for H2O2 itself, and for
peroxides with small organic groups. Bulky organic substitu-
ents lead to dihedral angles approaching 180� and also all
structures of peroxodioxo anions known at the beginning of
our work mainly showed torsion angles of 180� (Table 1).
Thus, it came as a surprise when we observed a dihedral angle
as small as 93� for potassium peroxodicarbonate.[7] To get
closer insights into the reasons behind this feature we have
investigated the related compound Rb2[C2O6].

Rubidium peroxodicarbonate[27] as well as the correspond-
ing potassium compound[27, 28] were first described in the
literature at the end of the 19th century. They were
synthesized by anodic oxidation, the technique still used
today. The constitution of the peroxodicarbonate ion was
claimed as an anion built of two carbonate groups linked by a
peroxo group.[27, 29±32] After this discovery some reinvestiga-
tion took place in the 1960s, which focused on work with the
more stable potassium peroxodicarbonate.[33±36] X-ray powder
diffraction investigations of that time failed to find the correct
unit cells and X-ray densities for rubidium and potassium
peroxodicarbonate.[37, 34, 36] Early quantum-chemical calcula-
tions[38] suggested a staggered conformation (C2 symmetry)
for the peroxodicarbonate anion, while investigations using
IR and Raman spectroscopy[34, 39, 40] indicated a planar con-
formation (C2h symmetry), which could not be verified for
potassium peroxodicarbonate (C2 symmetry).[7]

Results and Discussion

The peroxodicarbonate ion (Figure 1 top) in rubidium per-
oxodicarbonate consists of two carbonate groups connected
through two of its oxygen atoms to form a peroxo group. The
molecular symmetry was found to be C2h within the limits of
experimental error. The carbon atoms are surrounded by
oxygen atoms in a largely trigonal-planar arrangement. The
bond lengths between the carbon and the peroxo-oxygen
atoms is increased by up to 10% compared to the bond
lengths between carbon and the terminal oxygen atoms. In
general, the intramolecular bond lengths and angles of the
carbonate group are within the range typically found for this
class of molecules (Table 1). The deviations from planarity for
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Figure 1. Conformations of the peroxodicarbonate anion in Rb2[C2O6] at
T� 200 K (top) and in K2[C2O6] at T� 150 K (bottom).

the carbonate groups including the second peroxo-oxygen
atom are below the level of accuracy of the measurement. The
bond length of 1.47(2) ä between the oxygen atoms of the
peroxo group is virtually identical for peroxo groups in related
compounds, such as potassium peroxodicarbonate,[7] potassi-
um hydrogen peroxocarbonate perhydrate,[8] and rubidium
hydrogen peroxocarbonate semiperhydrate.[9] The dihedral
angle C-O-O-C within the peroxodicarbonate anion is almost
180� (175(1)�) for Rb2[C2O6] (Table 1).

The two crystallographically independent rubidium cations
(Rb(1)/Rb(2)) are irregularly coordinated to eight (Rb(2)O8)
and ten oxygen atoms (Rb(1)O10), respectively (Figure 2).
The distances between the rubidium atoms and the oxygen

Figure 2. Representation of the two crystallographically distinct Rb(2)O8

(left) and Rb(1)O10 (right) coordination polyhedra and coordinated
[C2O6]2� ions in rubidium peroxodicarbonate at T� 200 K.

atoms range between 2.70(2) and 3.44(1) ä, and are thus
comparable to that in related compounds (Table 1). The cut-
off radius for the Rb�O distances has been selected by
calculating the effective coordination number (ECoN)[41] and
the mean fictive ionic radii (MeFIR)[41] by using the program
MAPLE.[42] Both polyhedra are connected to six different
peroxodicarbonate anions (Figure 2). The Rb(2)O8 polyhe-
dron shares two edges and four corners with carbonate
subgroups, whereas the Rb(1)O10 polyhedron shares two
edges and six corners with carbonate subgroups. The two
additional rubidium oxygen coordinations in the case of
Rb(1)O10 are achieved by coordinating simultaneously both
carbonate subgroups of two different peroxodicarbonate
anions to the Rb(1)O10 polyhedron. It should be noted that
no edge of the rubidium±oxygen polyhedra is equivalent to a
peroxo bridge. The two rubidium± oxygen polyhedra are
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Table 1. Selected bond lengths [ä] and torsion angles [�] for Rb2[C2O6] and related molecules.

Substance Ref. d(O�O) d(A�O) d(C�O) d(C�OO) C-O-O-C

Rb2[C2O6][a] 1.47(2) 2.70(2) ± 3.44(1) 1.22(2) ± 1.26(2) 1.33(2) 175(1)
K2[C2O6][a] [7] 1.47(1) 2.63(1) ± 2.90(1) 1.26(2) ± 1.29(2) 1.31(1) 93(1)
KHCO4 ¥H2O2

[8] 1.46 2.75 ± 2.83 1.23 ± 1.25 1.38 101COOH

RbHCO4 ¥ 0.5H2O2
[9] 1.46 2.89 ± 3.34

H2O2
[10] 1.46 ± ± ± 93HOOH

K2O2
[11] 1.54 2.68 ± 2.71 ± ± ±

Rb2O2
[12] 1.51 2.84 ± 2.85 ± ± ±

K2CO3
[13] ± 2.64 ± 3.14 1.27 ± 1.29 ± ±

Rb2CO3
[14] ± 2.59 ± 3.24 1.29 ± 1.30 ± ±

Rb2CO3 ¥ 1.5H2O [15] ± 2.87 ± 3.37 1.27 ± 1.29 ± ±
Rb4(HCO3)2(CO3) ¥H2O [16] ± 2.88 ± 3.31 1.25 ± 1.34 ± ±
�-Rb2[C2O4] [17] ± 2.82 ± 3.58 1.19 ± 1.25 ± ±
�-Rb2[C2O4] [17] ± 2.96 ± 3.05 1.19 ± 1.24 ± ±
K2[S2O8] [18] 1.50 2.75 ± 3.09 ± ± 180
(NH4)4[P2O8] ¥ 2H2O [19] 1.50 ± ± ± 180
(H11C6)2C2O6

[20] 1.43 ± 1.18 ± 1.32 1.38 ± 1.39 90
(HO2C-C2H4-CO2)2 [21] 1.45 ± 1.18 ± 1.19 1.38 89
((H5C6)CO2)2 [22] 1.43 ± 1.17 ± 1.20 1.36 ± 1.39 91
((H3C-O-C6H4)CO2)2 [23] 1.46 ± 1.18 1.40 87
(((H5C6)3CCH2)CO2)2 [24] 1.48 ± 1.18 1.28 180
((H3C)3Si)2O2

[25] 1.50 ± ± ± 180

[a] The given esds are Rietveld statistical estimates and should be multiplied by a factor of up to six according to reference[26].
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alternately connected through triangular faces to form infinite
chains. Parallel chains form infinite layers, where Rb(2)O8

polyhedra are connected through rectangular faces on both
sides, and neighboring Rb(1)O10 polyhedra share common
edges on both sides. Consecutive layers are connected
through common edges and triangular faces and intercon-
nected by peroxodicarbonate anions, completing the three-
dimensional framework structure (Figure 3 right). For a better

Figure 3. Crystal structures of potassium peroxodicarbonate at T� 150 K
(left) and rubidium peroxodicarbonate at T� 200 K (right) viewed along
the b axis.

understanding, the carbonate groups may be substituted by
their center of gravity (carbon atoms), accordingly the crystal
structure of Rb2[C2O6] can be viewed as a strongly distorted
CsCl structure (Figure 4 left).

Figure 4. Packing schemes of potassium peroxodicarbonate at T� 150 K
(right) and rubidium peroxodicarbonate at T� 200 K (left). For K2[C2O6]
in a view perpendicular to the plane spanned by the c axis and the median
of a and b axes. For Rb2[C2O6] in a view along the c axis. The structural
relationships to the NaCl type of structure for the potassium compound and
the CsCl type of structure for the rubidium compound are clearly visible.

Although, K2[C2O6] and Rb2[C2O6] have an identical space
group, an identical number of formula units, and similar
lattice parameters (Table 2), the crystal structures are quite
different. This can be attributed to the different size and
polarizability of the cations. Fully in line with the general
trends in crystal chemistry of alkali metals, rubidium perox-
odicarbonate can be reduced to a CsCl-type arrangement
(Figure 4 left), while the packing of potassium peroxodicar-
bonate can be reduced to a NaCl-type configuration (Figure 4
right).[7]

With respect to the conformations of the peroxodicarbon-
ate anions, the crystal structures of K2[C2O6] and Rb2[C2O6]
feature a prominent and unexpected contrast. While the

dihedral angle across the O�O bond is 93� (Figure 1 bottom)
in K2[C2O6],[7] it is 175� in the rubidium compound, resulting
in an almost planar anion (Figure 1 top). In principle, both
geometries can be justified in a first approximation based on
arguments related to intramolecular interactions, only. As-
suming the bridging oxygen atoms to be sp2 hybridized would
lead to a pz orbital oriented perpendicular to the CO3 plane.
This would result in a strong � repulsion of the occupied pz

orbital in a planar geometry, thus favouring conformations
with C-O-O-C around 90�, as has been found for K2[C2O6].
On the other hand, sp3 hybridization of the bridging oxygen
atoms would leads to dihedral angles approaching 180� which
in addition would minimize the Coulomb repulsion of the CO3

units. Unfortunately, for each of these two scenarios the
expected responses of bond lengths and angles within the
anion are below the margin of error of the structural data as
determined experimentally. However, it is obvious that the
packing requirements play a decisive role in fixing the
torsional O�O angle to one of the local minima mentioned.

This feature is similar to what has been observed for the
oxalate anion in alkali oxalates.[17] Here the oxalate anion in
potassium oxalate is planar, while in cesium oxalate it is
staggered with a dihedral angle of 99�, and for rubidium
oxalate both conformations are observed, which at room
temperature even can coexist.[17]

Experimental Section

Rb2[C2O6] was synthesized by anodic oxidation of a saturated aqueous
solution of rubidium carbonate (p.a., Merck) at T� 257 K. The electro-
crystallization was carried out under galvanostatic conditions (I� 250 mA,
U� 16 V) with a potentiostat (EG&G Princeton Applied Research, Type
363). A Pt wire (�� 0.5 mm, l� 40 mm) was used as an anode, a Pt mesh
(�Zyl� 40 mm, h� 50 mm, 20 mesh) as a cathode. The anodic part was
separated by a glassy membrane. Rubidium peroxodicarbonate, obtained
as a microcrystalline, colorless to light blue powder, was filtered and
washed with ethanol and diethyl ether. Rb2[C2O6] is very hygroscopic[27]

and decomposes even when stored at 247 K. According to the results of
thermal analysis (DTA/TG/MS; Netzsch STA 429; 293 ± 1273 K;
10 Kmin�1), Rb2[C2O6] starts decomposing at 424 K (K2[C2O6] at 394 K)
by generation of oxygen and carbon dioxide.

X-ray powder diffraction data of rubidium peroxodicarbonate were
collected with a Stoe Stadi-P transmission diffractometer (primary beam
Johann-type Ge monochromator for CuK�1 radiation, linear PSD) in 2�
steps of 0.01� from 10.0� to 100.0� at a temperature of T� 200 K for 65 h
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Table 2. Crystallographic data for Rb2[C2O6] in comparison with
K2[C2O6].[7]

Rb2[C2O6] K2[C2O6]

temperature [K] 200 150
formula weight [gmol�1] 290.954 198.215
space group; no. P21/c ; 14 P21/c ; 14
Z 4 4
a [ä] 7.9129(1) 8.3805(1)
b [ä] 10.5117(1) 10.7641(2)
c [ä] 7.5559(1) 7.1167(1)
� [�] 102.001(1) 111.24(0)
V [ä3] 614.75(1) 598.4(2)
�calcd [gcm�3] 3.144 2.200
� [ä] 1.54059 1.12074(2)
capillary diameter [mm] 0.2 0.7
absorption [cm�1] 193.66 55.04



FULL PAPER M. Jansen et al.

with the sample sealed in a glass capillary of 0.2 mm diameter (Hilgenberg,
glass No. 50) (Figure 5). Weak reflections corresponding to small traces of
Rb4(HCO3)2(CO3) ¥H2O[16] as an additional phase were observed in the
scan. Further experimental details are given in Table 2.

Data reduction was performed by using the GUFI program.[43] Indexing
with ITO[44] led to a primitive orthorhombic unit cell with lattice
parameters given in Table 2. The number of formula units per unit cell
could be determined to be Z� 4 from packing considerations. The
extinctions found in the powder patterns indicated P21/c as the most
probable space group, which could later be confirmed by Rietveld
refinements.[45] The peak profiles and precise lattice parameters were
determined by LeBail-type fits[46] using the programs GSAS[47] and
FULLPROF.[48, 49] The background was modeled manually by using GUFI.
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.[50±52]

The crystal structure of rubidium peroxodicarbonate was subsequently
solved by using the DASH structure solution package.[53] The measured
powder patterns were subjected to a Pawley refinement[54] in the space
group P21/c to extract correlated integrated intensities from the pattern.
Good fits to the data were obtained. An internal coordinate description of
the peroxodicarbonate moiety (Figure 1 top) was constructed by using
bond lengths, angles, and torsion angles from the corresponding potassium
compound, K2[C2O6].[7] The torsion angles between the two carbonate
groups could not be assigned precise values in advance, and thus they were
treated as variables for refinement in the simulated annealing procedure.
The position of two crystallographically independent rubidium cations as
well as the position, orientation, and conformation of the peroxodicar-
bonate anions in the unit cell were postulated, and the level of agreement
between the trial structure and the experimental diffraction data quantified
by Equation (1).

�2�
�

h

�

k

[(Ih� c �Fh � 2)(V�1)hk(Ik�c �Fk � 2)] (1)

Here Ih and Ik are Lorentz-polarization corrected, extracted integrated
intensities from the Pawley refinement of the diffraction data, Vhk is the
covariance matrix from the Pawley refinement, c is a scale factor, and �Fh �
and �Fk � are the structure factor magnitudes calculated from the trial
structure. The trial structure was subjected to global optimization with
DASH[53] where the torsion angle between the carbonate groups and the

bond length between the oxygen atoms were the
only internal degrees of freedom. The external
degrees of freedom consisted of the fractional
coordinates describing the positions of the rubi-
dium cations and the peroxodicarbonate ions, and
four quaternions[55] describing the orientation of
the anion. The structure giving the best fit to the
data was validated by Rietveld refinement of the
fractional coordinates obtained at the end of the
simulated annealing run.

Rietveld refinements were performed on the
powder pattern of Rb2[C2O6] by using the program
package GSAS (Figure 5). The background was
modeled manually by using GUFI. Rb4(HCO3)2(-
CO3) ¥H2O[16] was included in the refinement as an
additional phase. The peak profile was described by
a pseudo-Voigt function, in combination with a
special function that accounted for the asymmetry
due to axial divergence.[50, 51] Due to the excellent
reflection to parameter ratio, only weak soft
constraints were necessary to stabilize the refine-
ments. Agreement factors (R values) are listed in
Figure 5, the coordinates are given in Table 3, and a
selection of intra- and intermolecular distances and
torsion angles is given in Table 1.

Further details of the crystal structure investigation
can be obtained from the Fachinformationszen-
trum Karlsruhe, 76344 Eggenstein-Leopoldshafen,
Germany (Fax: (�49)7247-808-666; e-mail :
crysdata@fiz.karlsruhe.de) on quoting the depos-
itory number CSD-412971.
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