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Single crystals of Bi(C2O4)OH were obtained by the slow diffusion of Bi3+ cations through silica gel

impregnated with oxalic acid. The structure was solved in the Pnma space group with a ¼ 6.0853(2) Å,

b ¼ 11.4479(3) Å, c ¼ 5.9722(2) Å, leading to R ¼ 0.0188 and wR ¼ 0.0190 from 513 unique reflections.

The bismuth coordination polyhedron is a BiO6E pentagonal bipyramid with the lone pair E sitting at an

axial vertex. The opposite axial vertex is occupied by a hydroxyl oxygen atom, which is also an

equatorial corner of a neighboring BiO6E bipyramid. The sharing of the hydroxyl oxygen atoms build
1
1½BiO5E� zig-zag chains running down the [100] direction. These chains are aligned in a sheet parallel

to the (010) plane and are further connected through oxalate ions to form a three-dimensional

arrangement. On heating, Bi(C2O4)OH decomposes to the meta-stable quadratic b-Bi2O3 phase.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Frequently, preparative routes involving the coprecipitation
of various metals have been used in order to synthesize mixed
oxide materials. The main advantages of these methods are
to speed up the reaction rate and to decrease the sintering
temperature, which allows improving the final product homo-
geneity by reducing particle sizes. In particular, oxalate copreci-
pitation has been successfully used for the preparation of Bi-based
materials such as high-Tc superconducting phases [1–3] or
bismuth titanate [4–6], tantalate [7,8] or niobate [9] ferroelectrics.
Bismuth oxalates have also been used as precursors to prepare
catalytically active bismuth molybdate or tungstate oxides
[10,11]; nevertheless, a few crystal structures of bismuth oxalates
have been reported so far.

Recently, the crystal structure determination of Bi2(C2O4)3 �

6H2O and Bi2(C2O4)3 �8H2O [12,13] led to the revising of the
chemical formulae, Bi2(C2O4)3 �H2C2O4 and Bi2(C2O4)3 �7H2O,
previously ascribed to these compounds [14]. A recent paper also
reported various bismuth oxalates obtained by studying bismuth
oxalate precipitation as a function of pH and temperature [15].
The reported compounds correspond to the former hexahydrate,
to a heptahydrate with an hexagonal symmetry and to a hydroxy-
oxalate with an orthorhombic symmetry and the chemical
formula BiOH(C2O4), corresponding to the stoichiometry pre-
viously suggested by Umabala et al. [5] for BiO(HC2O4).
ll rights reserved.

Rivenet).
As the efficiency of crystal growth by using the slow diffusion
of ions through silica gel impregnated with oxalic acid has been
demonstrated for slowly soluble oxalate compounds [16], this
method was applied to bismuth oxalate in an effort to expand
the solid-state studies on bismuth compounds. The use of this
method allowed us to isolate crystals of Bi(C2O4)OH, whose
crystal structure study is herein reported together with a
complete analysis of its thermal decomposition.
2. Experimental

2.1. Single-crystal synthesis, data collection and structure

determination

Single crystals of Bi(C2O4)OH are obtained using the crystal
growth gel method, which is helpful for single crystals’ elabora-
tion of low soluble solids. The gel is prepared by pouring 1 M
sodium metasilicate solution into a mixture of 1 M oxalic acid,
further acting as a source of anions, and 3 M nitric acid so as to
obtain a pH between 3.5 and 4. The resulting solution is allowed
to set in tubes of internal diameter 15 mm to obtain the silica gel.
Ammonium cations were substituted for Na+ cations by ionic
exchange using a nitric solution of oxalic acid 0.2 M and
ammonium nitrate 2 M added onto the gel.

Pouring an aqueous solution of bismuth nitrate (0.25 M, 1 mL)
mixed with ammonium nitrate (2 M, 2 mL) diluted in deionized
water (4 mL) onto the set gel allows the slow diffusion of Bi3+

cations through the silica gel impregnated with oxalic acid. After a
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Table 2
Atomic coordinates and isotropic displacement parameters (Å2) for Bi(C2O4)OH

Atom Wyck. x y z Uiso/eq

Bi 4c 0.20638(6) 0.25 0.4988(2) 0.0128(2)

C 8d �0.398(2) 0.5249(6) 0.937(2) 0.015(3)

O(1) 4c 0.054(2) 0.25 0.822(2) 0.016(2)

O(2) 8d �0.396(1) 0.6296(4) 0.8881(9) 0.021(2)

O(3) 8d �0.2499(9) 0.4528(5) 0.887(1) 0.018(2)

Table 3
Anisotropic displacement parameters (Å2) for Bi(C2O4)OH

Atom U11 U22 U33 U12 U13 U23

Bi 0.0118(2) 0.0120(2) 0.0147(2) 0 �0.0003(3) 0

C 0.013(5) 0.012(4) 0.021(5) �0.003(3) �0.004(3) 0.002(3)

O(1) 0.016(5) 0.018(4) 0.014(4) 0 0.007(3) 0

O(2) 0.020(3) 0.012(3) 0.030(3) �0.001(3) 0.012(3) 0.007(2)

O(3) 0.021(4) 0.009(3) 0.023(3) 0.001(2) 0.005(2) 0.001(2)
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few days, this leads to the formation of transparent Bi(C2O4)OH
single crystals inside the gel.

Although ammonium cations are present in the starting
medium, they are not found in synthesized bismuth hydroxy-
oxalate. Indeed, crystal growth in silica gels is a quite particular
method because diffusion rates, local concentrations and pH
cannot be controlled. Consequently, the chemical composition of
the resulting crystals often differs from the starting stoichiometric
ratios of the solutions and can display some variations depending
on the position within the gel.

The single-crystal diffraction intensities were measured on
a BRUKER AXS SMART CCD-1K diffractometer system equipped
with a Mo-target X-ray tube (l ¼ 0.71073 Å) operating at 2000 W
power (50 kV, 40 mA). The detector was placed at a distance
of 5.41 cm from the crystal. The intensities were obtained with
the conditions given in Table 1 and extracted from the collected
frames using the program SaintPlus 6.02 [17]. After data processing,
absorption corrections were performed using a semi-empirical
method based on redundancy with the SADABS program [18]. The
resulting set of h k l was used for structure resolution and
refinements, which were performed with the JANA2000 software
package [19]. The structure was solved in the centrosymmetric
Pnma space group. The heavy atoms were located by direct
methods using SIR97 program [20], the oxygen and carbon atoms
were found from successive Fourier difference maps. The atomic
positions for all atoms and the anisotropic displacement para-
meters were included in the last cycles of refinement (Tables 2
and 3). The H atom location could not be determined because of
the heavy Bi atom.

2.2. Powder synthesis and study

The Bi(C2O4)OH powder forms at 50 1C, under constant stirring.
It results from the titration of an aqueous solution of oxalic acid
Table 1
Crystal data and structure refinement for Bi(C2O4)OH

Bi(C2O4)OH

Crystallographic data

Formula weight (g mol�1) 314.03

Crystal system Orthorhombic

Space group Pnma

Unit-cell dimensions (Å) a ¼ 6.0853(2)

b ¼ 11.4479(3)

c ¼ 5.9722(2)

Cell volume (Å3) 416.05(2)

Z 4

Density, calculated (g cm�3) 5.01(2)

F(000) 540

Intensity collection

Wavelength (Å) 0.71069 (MoKa)

y range (deg) 3.54–28.42

Data collected �8php7

�14pkp15

�8plp7

No. of reflections measured 2595

No. of unique reflections (all/I43s(I))) 513/322

Redundancy 5.058

m (MoKa) (mm�1) 44.65

Tmin/Tmax 0.739

R(F2)int 0.0304

Refinement

No. of parameters 41

Weighting scheme 1/s2

R(F) obs/all 0.0188/0.0426

wR(F) obs/all 0.0190/0.0208

Max, min Dr(e Å�3) 1.78/�1.05
(0.1 M) by a solution of trivalent cations Bi3+ (0.1 M) acidified by
nitric acid. The pH of the mixture is set at 5 by adding ammoniac
(3 M). The resulting powder is filtered off, rinsed out using a
mixture of deionized water and oxalic acid with pH adjusted to 5
and dried at room temperature before characterization.

The X-ray diffraction pattern of the as-obtained powder was
recorded with a Bruker AXS D8 ADVANCE diffractometer with the
parafocusing Bragg–Brentano geometry, using CuKa1,a2 radiation
(lKa1 ¼ 1.54051 Å, lKa2 ¼ 1.54433 Å) and an energy-dispersive
detector (sol-X). The pattern was recorded under air over the
angular range 5–701 (2y), with a step length of 0.021 (2y) and a
counting time of 17 s step�1. The powder X-ray diffraction pattern
is identical to that of the theoretical pattern calculated from the
crystal structure results, which evidences that a pure phase is
obtained. The cell parameters of powdered Bi(C2O4)OH refined
using the JANA2000 package [19] are in good agreement with the
values previously reported [15] (Table 1).

The temperature-dependent X-ray diffraction pattern was
recorded using a Guinier–Lenné moving film camera. The powdered
sample was deposited on the sample holder (gold grid) using an
ethanol slurry, which yields, upon evaporation, a regular layer of
powdered compound. The high-temperature X-ray diffraction
pattern was collected in the temperature range [20–760 1C] at a
heating rate of 111h–1.

Thermal gravimetric analysis and differential thermal analysis
coupled to mass spectrometry (TGA/TDA/MS) were employed in
order to evaluate the thermal stability of the bismuth oxalate and
to investigate its decomposition behavior with increasing tem-
perature. The thermal analyses were performed on a Setaram-
coupled TGA-DTA 2-16.18 apparatus. Analyses were undertaken in
air, in the temperature range 20–800 1C, at a heating rate of
3001h–1, in platinum crucibles. The gases produced upon thermal
treatment were collected at atmospheric pressure by means of a
steel capillary line connected to the thermobalance outflow. The
H2O and CO2 signals were measured using an on-line Pfeiffer
Omnistar mass spectrometer controlled by the Quadstar 32-bit
software and by monitoring m/e ¼ 44 (for CO2) and 18 (H2O).
3. Results and discussion

3.1. Structure description

The unique bismuth atom is surrounded by eight oxygen
atoms, forming a bicapped trigonal prism according to the
criterion of Haigh [21]. In this polyhedron, the average Bi–O
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Table 4
Selected interatomic distances (Å) for Bi(C2O4)OH

Bi–O(1) 2.140(7) C–O(3) 1.26(1)

Bi–O(1)i 2.372(7) C–O(2) 1.23(1)

Bi–O(3)i 2.434(6)

Bi–O(3)ii 2.434(6) C–Cviii 1.56(2)

Bi–O(2)iv 2.431(6)

Bi–O(2)v 2.431(6)

Bi–O(2)iii 2.928(6)

Bi–O(2)vi 2.928(6)

(i) 1/2+x, y, 3/2�z, (ii) 1/2+x, 1/2�y, 3/2�z, (iii) �x, 1�y, 1�z, (iv) �1/2�x, 1�y, �1/

2+z, (v) �1/2�x, �1/2+y, �1/2+z, (vi) �x, �1/2+y, 1�z, (vii) x, 1/2�y, z, (viii) 1�x,

1�y, 2�z.

Fig. 2. Parallel 1
1½BiO5E� chains linked by the weak Bi–O(2) bonds to form a 2

1½BiO5�

layer parallel to the (010) plane. The 2
1½BiO5� layers are connected through bis-

bidentate oxalate ions to form a three-dimensional inorganic–organic arrange-

ment.
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distance is 2.512(6) Å, in agreement with the values generally
observed for eight-coordinated bismuth in oxides as, for example,
in BiSbO4 (2.55(2) Å) [22] but larger than the values calculated for
eight-coordinated bismuth atom in oxalates (i.e. 2.441(5) Å in
KBi(C2O4)2 �5H2O [23], 2.450(8) Å in NH4Bi(C2O4)2 �5H2O [24],
2.473(5) and 2.468(5) Å for Bi(1) and Bi(2), respectively, in
[NH(C2H5)3][Bi2(C2O4)5] [25]). In the title compound, the Bi–O
distances are spread over a large range from 2.140(7) to 2.928(6) Å
(Table 4). The two shortest distances (2.140(7) and 2.372(7) Å)
involve hydroxyl oxygen atoms. The four intermediate distances
equivalent to 2.434(6) Å (2x) and 2.431(6) Å (2x) correspond to
bismuth bonding with oxygen atoms belonging to two oxalate
ions, which act as bidentate. These six bonds can be considered
as ‘‘primary bonds’’ whereas the two longest Bi–O distances
(2.928(6) Å (2x)) involving O(2) oxygen atoms of oxalate ions of a
neighboring entity can be considered as ‘‘secondary bonds’’. In
this compound, the division between primary and secondary
bonds is clear, and only the primary bond type has to be
considered in the bismuth bonding sphere. Then the bismuth
atom can be seen as one-sided with six oxygen atoms forming a
pentagonal pyramid. The bismuth atom is shifted from the mean
basal plane in the direction opposite to the apical hydroxyl oxygen
(Fig. 1). This umbrella-like environment with all Bi–O bonds on
the same side of the central Bi atom may be explained to be due to
the stereochemical activity of the Bi3+ lone pair (E), which is
expected to be located opposite to the apical bond to form a
pentagonal bipyramid BiO6E. This hypothesis was confirmed by
lone-pair calculation using the program Hybrid [26]. It is notice-
able that in the bismuth oxalates [12,13,23–25] characterized up
to now, the bismuth atoms coordination spheres are rather
regular with intermediate Bi–O distances varying in a narrow
range. The shorter average Bi–O distances evidenced in these
compounds compared to those found in Bi(C2O4)OH are explained
by non-stereochemically active lone pairs. Although stereoche-
mical activity of a lone electron pair has already been reported in
oxalates as, for example, in the Sn compound Sn(C2O4) [27], it is
herein reported for the first time in bismuth oxalates.

The BiO6E pentagonal bipyramids are connected via shared
oxygen hydroxyl atoms leading to 1

1½BiO5E� zig-zag chains running
down the [100] direction (Fig. 1). Parallel chains are connected by
weak Bi–O(2) bonds so as to form inorganic 2

1½BiO5� layers parallel
to the (010) plane. The chains and, by consequence the 2

1½BiO5�

layers, are further connected through bis-bidentate oxalate ions to
form a three-dimensional inorganic–organic arrangement (Fig. 2).

Considering or not the two weak Bi–O(2) bonds, the calculated
valence bond sums for Bi are 3.09 and 2.89 v.u., respectively. These
two values are acceptable. Calculations resulted in 2.10 and
1.91 v.u. for O(2) and O(3), respectively, whereas a valence bond
Fig. 1. The BiO6E pentagonal bipyramids are connected via shared oxygen
sum of 1.32 v.u. was found for O(1). This value is in good
agreement with the values of 1.25 and 1.40 v.u. previously
reported for the hydroxyl oxygen in bismuth hydroxynitrates
[28,29].

A good way to describe metal oxalate hydroxide structures is to
consider metal oxalate arrangement further connected by hydro-
xyl oxygen sharing [30]. In our compound, the BiO6E pentagonal
bipyramids are connected through bis-bidentate oxalate ions to
hydroxyl atoms to form 1
1½BiO5E� zig-zag chains running down [100].
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form 1
1½BiðOHÞ2EðC2O4Þ� chains running down the [010] direction

(Fig. 3a) with lone pairs alternating above and below the mean
plane of the chains. The chains are connected through the two
hydroxyl oxygen atoms to build the three-dimensional arrangement.
The 1

1½fBiðOHÞEgðOHÞðC2O4Þ� chains are similar to the 1
1½fUO2g

ðH2OÞðC2O4Þ� and 1
1½fUO2gðOHÞðC2O4Þ� chains observed in [{UO2}

(H2O)(C2O4)] �2H2O [31] and M[{UO2}2(OH)(C2O4)2] �2H2O, M ¼

NH4
+, Na+, K+ [32–34] (Fig. 3b). In the uranyl oxalates, the apical

oxygen atoms of the pentagonal bipyramids have their valence
bonds practically satisfied by the UQO bonds [35], which can no
further be connected through these oxo-oxygen atoms. Conse-
quently, in [(UO2)(H2O)(C2O4)] �2H2O, the chains are isolated. In
M[(UO2)2(OH)(C2O4)2] �2H2O, the chains are connected through
equatorial hydroxyl oxygen atoms to build a two-dimensional
arrangement. In a few cases, uranyl polyhedra are directly
connected by the so-called cation–cation interaction [36] in
which an oxo-oxygen atom of a uranyl ion is also an equatorial
oxygen of another uranium polyhedra (Fig. 4a). In Bi(C2O4)OH, the
connection between the 1

1½fBiðOHÞEgðOHÞðC2O4Þ� chains uses a
similar concept: the apical hydroxyl oxygen of a BiO6E pentagonal
bipyramids is also an equatorial oxygen of another BiO6E
bipyramid (Fig. 4b). In uranium(VI)-containing oxides, the
Fig. 3. Comparison between the bismuth oxalate 1
1½fBiðOHÞEgðOHÞðC2O4Þ� chains

built from {Bi(OH)E}O4(OH) pentagonal bipyramids connected through bis-

bidentate oxalate ions in Bi(C2O4)OH and the uranium oxalate and
1
1½fUO2gðOHÞðC2O4Þ� chains built from {UO2}O4(OH) pentagonal bipyramids

connected through bis-bidentate oxalate ions in the compounds M[{UO2}2(OH)

(C2O4)2] �2H2O, M ¼ NH4
+, Na+, K+ [32–34].

Fig. 4. Illustration of the cation–cation interaction between uranyl units in M(UO2)4(VO4

oxygen is axial for one BiO4(OH)2E pentagonal bipyramid and equatorial for one anothe

angle from 1801 for M ¼ U to 142.5(3)1 for M ¼ Bi (d).
U–O–U angles involving common oxo-oxygen atoms are close
to 1801, while the Bi–O–Bi angles in Bi(C2O4)OH are reduced
to 142.5(3)1, due to the hydroxyl nature of the common oxygen
atom.

3.2. Thermal decomposition

During the synthesis of bismuth titanate, Umabala et al. [5]
studied the thermal decomposition of a mixture of Bi(C2O4)OH
and TiO(OH)2 �H2O. A weight loss corresponding to an exothermic
peak at 316 1C was attributed to the Bi(C2O4)OH decomposition
into Bi2O3. A small endothermic peak at 740 1C was ascribed to the
a-Bi2O3 to d-Bi2O3 phase transition. Our TGA/DTA experiments
confirm these conclusions. The analysis of the evolved gas shows
the simultaneous departure of H2O and CO2 during the mass loss,
indicating simultaneous dehydration and oxalate decomposition
(Fig. 5). Moreover, our DTA experiment reveals a small exothermic
peak at 360 1C, which is accompanied with neither mass loss nor
gas evolution. To explain this transition, high-temperature X-ray
diffraction (HTXRD) experiments were undertaken and are re-
ported in Fig. 6. They confirm the disappearance of the Bi(C2O4)
OH X-ray diffraction pattern, which occurs at about 250 1C, instead
of the previously reported 316 1C. The temperature difference
is probably due to the kinetic difference between thermal analysis
and HTXRD experiments (heating rate 111h�1 for HTXRD
compared to 3001h�1 for TGA/TDA). In fact, the X-ray pattern of
the obtained compound does not correspond to a-Bi2O3 but
astonishingly to the meta-stable b-Bi2O3 (quadratic) form, which
is generally observed between 650 and 300 1C during slow cooling
of the high-temperature d-Bi2O3 phase or melted bismuth oxide
[37]. The HTXRD pattern at 300 1C indicates the b-Bi2O3 transition
to the stable a-Bi2O3 (monoclinic) phase, which corresponds to
the small exothermic peak at 360 1C observed during thermal
analysis. Finally, the transition of a-Bi2O3 to the high-temperature
d-Bi2O3 cubic phase is observed at 730 1C. Thus the complete
transformation is: Bi(C2O4)OH-b-Bi2O3-a-Bi2O3-d-Bi2O3.
4. Conclusion

The slow diffusion through a gel allowed the growth of good-
quality crystals of Bi(C2O4)OH. Single-crystal structure analysis
reveals the stereochemical activity of the Bi3+ lone pair (E) and an
original BiO6E pentagonal bipyramid is observed. The connection
of the pentagonal bipyramids by hydroxyl oxygen atoms leads to
an inorganic arrangement further connected through bis-bidentate
)3 (M ¼ Li, Na) [38] (a and b) and bismuth polyhedron in Bi(C2O4)OH. The hydroxyl

r (c). The hydroxyl nature of the shared oxygen leads to a reduction of the M–O–M
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Fig. 5. TGA/TDA/MS curves for Bi(C2O4)OH under flowing air (heating rate: 51/min).

Fig. 6. HTXRD Guinier–Lenné pattern for Bi(C2O4)OH under air (heating rate:

�0.21/min).
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oxalate ions. The thermal decomposition leads to the stabilization
of the quadratic b-Bi2O3 phase between 310 and 360 1C. Syntheses
and characterization of other bismuth-containing oxalates are in
progress.
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