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Minfeng Lü,†,∥ Marie Colmont,*,† Marielle Huve,́† Isabelle De Waele,‡ Christine Terryn,§ Almaz Aliev,†

and Olivier Mentre*́,†

†Universite ́ Lille Nord de France, UMR 8181 CNRS, Unite ́ de Catalyse et de Chimie du Solide (UCCS USTL),
F-59655 Villeneuve d’Ascq, France
‡University Nord de France, Lille1, LASIR (UMR CNRS A8516), 59655 Villeneuve d’Ascq Cedex, France
§Plateforme Imagerie Cellulaire et Tissulaire, 51 Rue Cognacq-Jay, 51100 Reims, France
∥State Key Laboratory of Rare Earth Resource Utilization, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,
Changchun 130022, P. R. China

*S Supporting Information

ABSTRACT: Two new alkali bismuth oxosulfates, [Bi12O15]-
Li2(SO4)4 (I) and [Bi7K2O8]K(SO4)4 (II), have been synthe-
sized by heating a mixture of Bi2O3, CuSO45H2O, and A2CO3
(A = Li, K), and characterized by single crystal XRD, transmis-
sion electron microscopy, and multiphoton SHG and IR spec-
troscopy. In the above formula the [BixOy] subunits denote the
3D-porous (I) or 1D-columnar (II) polycationic host-lattice
formed of edge-sharing OBi4 or O(Bi,K)4 oxocenterd tetra-
hedra. The SO4

2− groups and alkali ions are arranged into
channels in the interstices leading to original opened crystal
structures for these two first reported alkali oxo-bismuth
sulfates. The strong adaptability of the oxocentered framework is demonstrated by the possibility of preparing single crystals of
[Bi8.73K0.27O8]K1.54(PO4)4 (III) whose crystal structure is similar to those of II with disorder between OBi4 and O(Bi3,K)
tetrahedra and different channel occupancy due to the aliovalent replacement of SO4

2− for PO4
3−.

■ INTRODUCTION

The search for new materials with innovative architectures is
the driving force of solid state chemists, especially new mate-
rials with unexpected properties (electrical, catalytic, magnet-
ism, optical, and so forth). At this level, the crystal chemistry of
bismuth oxides and oxosalts is very rich since it is generally
related to complex polycations formed of oxocentered tetra-
hedra as detailed in ref 1. The resulting frameworks derive from
the oxygen-deficient fluorite structure of δ-Bi2O3 in which the
condensation of vacant O(Bi,□)4 tetrahedra is maximal leading
to a compact 3D structure. Indeed, we recall that this phase
exhibits so far the most excellent oxide ion conducting proper-
ties at high temperature.2 Most of the inorganic chemistry
of bismuth oxosalts, for instance after incorporating PO4

3−,
WO4

2−, MoO4
2−, CrO4

2−, or SO4
2− polyanions in Bi2O3,

2−9 ori-
ginates from attempts to stabilize the high temperature defect
fluorite type to reach performant anionic conductors at lower
temperatures2,10 although their conductivity performances are
not as high as expected.11−16 At least it is clear from their
crystal chemistry that it is often related to the parent fluorite
type where oxo-anions are incorporated. The structural analogy
was recently demonstrated in several mixed Bi3+/Mn+ oxo-
phosphates.17,18 In this large family, the remaining oxocentered
O(Bi,M)4 tetrahedra can be separated or condensed into

zero-dimensional (0D), one-dimensional (1D), two-dimen-
sional (2D), and three-dimensional (3D) frameworks sur-
rounded by isolated phosphate groups but conserving the initial
fluorite organization. It forms a rich playground for finding in-
novative architecture with potential physical properties.
To tackle new compounds, one possibility consists of the

diversification of XO4 oxoanions such as SO4
2−. Compared to

the number of phases reported with PO4
3− anions, the charge

difference is expected to modify the oxocentered framework
leading recently to very interesting magnetic topologies in
[Bi2CoO3](SO4) and [Bi6.3Cu1.6O8](SO4)3.

19 In addition, the
number of referenced bismuth sulfate in the literature is rather
narrow, opening the door to new hypothetical structures.
Among these oxosalts, the Bi3+−O2−−SO4

2− ternary system
included 10 different bismuth oxosulfates8,9,20−23 in addition to
Bi2O3

24 and Bi2(S2O7)3.
25 The Bi:SO4 ratio in each compound

varies from 0.33:1 to 14:1. Almost all of them were obtained
after pyrolysis of Bi2(SO4)3. Bi2O2SO4 was the first reported in
1965.20−23 With the loss of additional SO3, the subsequent py-
rolysis products changed into (Bi26O27)(SO4)12 and (Bi14O16)-
(SO4)5.

21 At this stage, two important compounds with lower
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SO4 content were reported: (1) (Bi8O11)(SO4) characterized
by a complex low temperature phase and defected fluorite
structure high temperature phase8 and (2) (Bi14O20)(SO4)
which adopts a commensurate superstructure of the cubic
fluorite subcell.7 These structures are composed of a discrete
ratio of SO4

2− groups inside the parent fluorite-related region
with edge sharing of OBi4 tetrahedra.

The ternary Bi3+−SO4
2−−O2− system drawn on Figure 1

displays all crystal structures referenced in the literature. All
compositions are aligned in the phase diagram with respect to
the final electroneutrality of the compound. Most representa-
tive oxocentered frameworks are represented (OBi3 triangles in
red versus OBi4 tetrahedra in yellow) and show an increasing
connectivity between the elementary units upon increasing the
bismuth content.
With the ulterior motivation of preparing novel bismuth

oxosulfates, a flux crystal growth route was entertained, using
Li2CO3 and K2CO3 as fluxes. It finally leads to the preparation
of two new compounds with interstitial alkali arranged in SO4
channels: (I) the porous [Bi12O15][Li2(SO4)4] and (II) the
columnar [Bi7K2O8][K(SO4)4]. Compound III, [Bi8.73K0.27O8]-
[K1.54(PO4)4], strongly related to II, was prepared to validate
the adaptability of such crystal structures to versatile XO4

n‑

counteranions.

■ EXPERIMENTAL SECTION
Synthesis: [Bi12O15][Li2(SO4)4] (I). Single crystals of I have been

obtained from the slow cooling of a mixture of Bi2O3/ CuSO4·
5H2O/Li2CO3 in the molar ratio 2:2:1. The mixtures were put into a
gold tube and vacuum sealed in quartz tubes after thorough grinding.
Heat treatments were performed at 1253 K for 2.5 h and quickly
dropped to 973 K, and finally cooled down to 773 K for 66.7 h (3 K/h).
Qualitative EDX analyses of isolated transparent pellet shaped crystals
indicate the presence of both Bi and S as constituting element. Li cation
was not detectable by this method.

[Bi7K2O8][K(SO4)4] (II). The transparent brick crystals were found
in the melt of the mixture of Bi2O3/ CuSO4·5H2O/K2CO3 with molar
ratio 2:1:1. After thorough grinding and mixing, the above-mentioned
sample was loaded into gold tubes, and then vacuum sealed in silica

Figure 1. Phase diagram in the Bi3+−O2−−SO4
2− system. Oxocentered

crystal structures enhanced a constant amount of bismuth: 40%. OBi4
entities are drawn in yellow and OBi3 in red.

Table 1. Crystal Data, Measurement, and Structural Refinement Parameters of [Bi12O15][Li2(SO4)4], [Bi7K2O8][K(SO4)4], and
[Bi8.73K0.27O8][K1.54(PO4)4]

[Bi12O15][Li2(SO4)4] (I) [Bi7K2O8][K(SO4)4] (II) [Bi8.73K0.27O8][K1.54(PO4)4] (III)

Crystal Data
cryst symmetry space group orthorhombic monoclinic tetragonal

P212121 C2/c I4/m
a (Å) 23.0661(10) 28.5219(8) 13.977(2)
b (Å) 11.4330(5) 11.4600(3)
c (Å) 11.2237(5) 20.0843(6) 5.7846(7)
β (deg) 133.3070(9)
V (Å3) 2959.8(2) 4777.1(2) 1130.1(2)
Z 4 8 2
Dx (g/cm

3) 7.0573 5.8166 7.059
μ (mm−1) (for λ Kα = 0.7107 Å) 71.455 52.359 68.427
appearance transparent, colorless transparent, colorless transparent, colorless
Data Collection
λ(Mo Kα) (Å) 0.710 73 0.710 73 0.710 73
scan mode ω and φ ω and φ ω and φ

θ(min−max) (deg) 1.77−33.1 1.96−33.16 2.06−33.37
R(int) (%) 6.64 6.27 3.6
recording reciprocal space −35 ≤ h ≤ 35 −43 ≤ h ≤ 43 −20 ≤ h ≤ 21

−15 ≤ k ≤ 17 −17 ≤ k ≤ 17 −13 ≤ k ≤ 20
−17 ≤ l ≤ 17 −27 ≤ l ≤ 27 −5 ≤ l ≤ 8

Refinement
indep obsd/indep all (obsd = I > 3σ(I)) 9599, 11 128 3204, 5246 918, 1101
no. refined params 269 224 61
refin method F F F
R1(F2)(obsd)/R1(F2)(all) 0.0646/0.0785 0.0350/0.0679 0.070/0.076
wR2(F2)(obsd)/wR2(F2)(all) 0.0725/0.0736 0.0484/0.0549 0.0756/0.0786
Δρmax/Δρmin (e Å−3) 15.66/−13.19 2.98/−2.29 6.49/−10.11
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tubes. Heat treatments were performed at 1253 K for 2.5 h and quickly
dropped to 973 K, and finally cooled down to 773 K at the rate of
3K/h. A qualitative EDX analysis indicated the presence of Bi, K, and S
as constituting elements.
[Bi8.73K0.27O8][K1.54(PO4)4] (III). Single crystals of [Bi8.73K0.27O8]-

[K1.54(PO4)4] were found in a polyphasic residue obtained as follow-
ing: the mixture 0.5K2CO3/2.5Bi2O3/2(NH4)2HPO4 was ground and
loaded into a gold crucible which was heated up to 1173 K (rate 50 K/h),
and then left for 10 h and cooled down slowly to 873 K (rate 3 K/h).
Finally, the furnace was switched off. The reaction was performed in
air. A qualitative EDX analysis indicated the presence of Bi, K, and P as
constituting elements.
Single Crystal X-ray Diffraction. The single crystal XRD data of

all the investigated samples have been collected using a Bruker Apex
Duo diffractometer with a Mo IμS microfocus tube (λ = 0.710 73 Å).
The intensity data have been extracted from the collected frames using
the program SAINT-Plus 6.02.26 The lattice parameters have been
refined from the complete data set. Absorption corrections have been
performed using multiscan methods using SADABS.27 The data collec-
tion and pertinent data of the refinements for all single crystals studied
in this work are gathered in Table 1.
Transmission Electron Microscopy. Studies were performed on

a FEI Tecnai G2-20 twin TEM microscope. The polycrystalline mate-
rials (prepared as detailed above) were crushed and dropped in the
form of aqueous or alcohol suspensions on carbon-supported copper
grids followed by evaporation under ambient conditions. The com-
puter simulated HREM images were calculated using the JEMS
program.28

Conductivity Measurements. Electrical measurements were per-
formed on [Bi12O15][Li2(SO4)4] by impedance spectroscopy between
room temperature and 700 °C using a Solartron 1260 impedance
analyzer with a 500 mV amplitude signal over the 0.1 Hz to 10 MHz
frequency range. Silver paste was painted at both sides of a single
crystal (400 μm long) externally to the c-direction. All impedance dia-
grams were normalized using the thickness/surface geometrical factor.
Fitting of impedance spectra were performed using Zview.29 using
typical RC circles.
Multiphoton SHG Microscopy. In this study, a laser scanning

microscope LSM 710 NLO Zeiss (Jena, Germany) was used as imple-
mented at the Plateforme d’Imagerie Cellulaire et Tissulaire, Reims,
France. Excitation was provided by a CHAMELEON femtosecond
titanium-sapphire laser (Coherent, Santa Clara, CA) set at 860 nm,
tuning the power until SHG was detected. Samples were imaged with a
20× , 0.8 NA objective lens. Emitted signal of SHG was collected with
a bandpass filter (420−440 nm) . The analyzed zone is performed by
pixels of 0.55 × 0.55 μm2.

■ RESULTS AND DISCUSSION

Crystal Structure of Compound (I). A colorless single
crystal was isolated and mounted on a glass fiber. The XRD
data collection and structural refinement are presented in
Table 1. [Bi12O15][Li2(SO4)4] crystallized in an orthorhombic
unit cell with lattice parameters of a = 23.0661(10) Å, b =
11.4330(5) Å, and c = 11.2237(5) Å. We note that, in spite of
difficulties to determine the true space group and to solve the
crystal structure in orthorhombic, the merging in different Laue
group symmetry of the reflections does not show any improve-
ment between the three monoclinic settings (Rint ∼ 5.4% to
6.4% along the three axes in the 2/m Laue class) and the ortho-
rhombic symmetry (Rint = 6.64% using the mmm Laue class).
It was finally solved using the charge flipping program29 and
refined using Jana 200630 in the P212121 noncentrosymmetric
space group while the Addsym application implemented in
PLATON31 refuted a more symmetrical solution, as confirmed
by our nonconverging tests in centrosymmetric space groups.
We also tried monoclinic P21 symmetries with the 2-fold axis
subsequentelly set along a, b, and c. The solutions obtained

were essentially the same as that in P212121 in any cases with
a much larger number of refined parameters. The non-
centrosymmetric space group was further proved by SHG mea-
surements, dealing with a rather thick crystal. Only thin edges
of the crystal show a significant SHG signal, as shown in blue
on the corresponding image, Figure 2a. In the current setting

the detected SHG signal is maximal in the horizontal plane
(below the crystal) that corresponds to the laser polarization,
which reduces the detection for thick and irregular samples due
to high absorption. In addition the refinement of twinned
racemic domains (ratio: ∼40%/60%) suggests the possibility
for local SHG quenching. Atomic and thermal parameters were
refined for the 12 independent Bi and 4 independent S posi-
tions. For the 31 oxygen positions, only isotropic thermal
parameters have been considered. At this stage, the refined
formula is not neutral ([Bi12O15][(SO4)4]) which suggests two
possibilities: (1) Taking into account the BVS calculated on
inner SO4 corners, far to −2 we may either deal with SO4H
groups. The absence of band at 3500 cm−1 on infrared spec-
trum discards this possibility, Figure 2a. (2) Either of the SO4
groups arranged into channels host cations with a low XRD
contrast, i.e., Li+ ions from the Li2CO3 flux. The study of the
Fourier difference maps clearly indicates the presence of
residual electron density in the corresponding square channels,
as shown on Figure 3c. Due to the small contribution of Li+

ions in a context of heavy atoms, Li+ ions were fixed, but diffuse
residual density along the c-axis may suggest disorder or
possible diffusion paths as discussed below. The final residual
factors converged to R1 = 0.0646 and wR = 0.0725 for 269
refined parameters and 11 128 used reflections (I > 3σ(I)).

Figure 2. (a) FT-IR spectrum of [Bi12O15][Li2(SO4)4]. No evidence
for proton was revealed. (b) Transmission image of a crystal of
[Bi12O15][Li2(SO4)4]: emitting surface (λem = 420−440 nm, λem =
860 nm). (c) Arrhenius plot of the conductivity of the [Bi12O15]-
[Li2(SO4)4]. Inset: Nyquist plots for the measurements at 448 and
973 K with indication of the relaxation frequency domains (HF, high
frequency; LF, low frequency).
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The refined atomic positions and anisotropic displacement
parameters are given in Supporting Information Tables S1 and
S2, respectively. The pertinent distances are listed in
Supporting Information Table S3. We note a strong residual
density close to the atom Bi3. It most probably arises from local
weak disorder due to antiphase boundaries. It could be lowered
by splitting the Bi3 site, but more than 3 positions are neces-
sary. We prefer here to present the most ideal model.
Novel Porous Network. Supporting Information Table S3

gives selected distances and angles within the structure of

[Bi12O15][Li2(SO4)4]. Bismuth atoms are coordinated by, re-
spectively, 4 (Bi10), 5 (Bi1), 7 (Bi2 and Bi5), and 6 (for all
other Bi) oxygen atoms. The Bi−O distances range from 2.11
to 3.15 Å, which lead to rather good BVS values close to +3 for
Bi3+, using the parameters from ref 32 as listed in Table 2. The
shortest O−O distance outside the SO4

2− groups is 2.59(2) Å
between O(3) and O(15), which does not differ very much
from those in Bi34(2/3)O36(SO4)16, 2.62(10) Å bond.21 How-
ever, SO4

2− groups show a significant disorder, especially
around S(2) and S(4) centers. The O2bS2O2c angle is

Figure 3. (a) Projection of the structure of [Bi12O15][Li2(SO4)4] along the c axis. Isolated SO4
2− tetrahedron is drawn in light blue. (b) Projection of

a slab of [Li2(SO4)4]channel along (010). (c) Fourier difference along (x, z) in the tunnel. Residual density corresponds to the Li contributions. (d)
Projection of a slab of part of [Bi12O15]

6+ blocks on the (1/200) plane. (e) Porous 3D-networks of OBi4 tetrahedra in yellow (the connection of OBi3
triangle is highlighted in red).

Table 2. BVS of [Bi12O15]Li2(SO4)4], [Bi7K2O8][K(SO4)4], and [Bi8.73K0.27O8][K1.54(PO4)4]
a

[Bi12O15][Li2(SO4)4] [Bi7K2O8][K(SO4)4] [Bi8.73K0.27O8][K1.54(PO4)4]

atom VBi* VS* VLi* atom VBi* VK* VS* atom VBi* VK* VS*

Bi1 3.01 Bi1 2.86 Bi1 3.07(8)
Bi2 2.81 Bi2 2.91 Bi2 2.52(5)
Bi3 2.68 Bi3 3.00 Bi3 2.65(11)
Bi4 2.95 Bi4 3.08 K3 3.2(7)
Bi5 2.88 Bi5 3.10 K1 1.22(5)
Bi6 2.93 Bi6 3.02 P1 5.3(3)
Bi7 2.89 Bi7 3.10
Bi8 3.02 Bi8 2.95
Bi9 2.97 K1 1.10
Bi10 3.14 K2 0.99
Bi11 2.86 K3 1.04
Bi12 3.01 S1 6.27
S1 7.2 S2 6.17
S2 7.1 S3 6.24
S3 7.1 S4 7.10
S4 7.9
Li1 0.92
Li2 0.81

a(R, b) parameters being for Bi3+−O (2.094, 0.37), Li+−O (1.466, 0.37), K+−O (2.132, 0.37), S6+−O (1.624,0.37), P5+−O (1.604, 0.37).
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126°, which deviates considerably from the ideal angle value.
Also, the shortest O−S distance is 1.26(2) Å for O4b−S(4)
which pictures inaccuracy on the localization of the SO4 groups,
at the origin of great BVS values for S (see Table 2). However,
we prefer not to constrain S−O distances for a better observa-
tion of Li electron density. Between the square channels formed
by the SO4

2− groups, each Li+ cation is coordinated by four
oxygen at distances between 1.90(4) and 2.20(12) (Figure 3b)
Å in the form of a slightly deformed edge-shared tetrahedra
elongated along c-axis. The Li−O distances are similar to those
observed in [Bi4O4][BiO]4Cu1Li2(AsO4)4.

17 One notes that the
number of Li+ cations per tunnels (along the c ∼ 11.2 Å period)
is equal to four. A projection of the described structure is given
in Figure 3a. Clues for the noncentrosymmetric (NCS) sym-
metry were given by the fine observation of the SO4 orienta-
tions in the tunnels that should contain an inversion center in
any supposed centrosymmetric models. Clearly, in a same
tunnel only “down” and “twisted” SO4 exist but no “up” orien-
tations were refined (i.e., the image of “down” SO4 in case of
inversion center), see Figure 3a. It reinforces the validity of the
proposed space group. Similar topology of PO4 tetrahedra
bordering a cationic channel was already evidenced in the NCS
[Bi18Zn10O21][Zn5(PO4)14],

33 which crystallizes in the I2mb
space group.
This crystal structure displays a new topology of OBi4 build-

ing blocks connected together by edge-sharing. It forms a
complex crossing network [Bi12O15]

6+ framework, surrounded
by isolated SO4

2− tetrahedral hosting Li+ cations. Figure 3b
shows the channel walls projected along the normal to the
c-axis. [Bi12O15]

6+ blocks can be divided by infinite [Bi2O2]
2+

layers parallel to b capped by [Bi4O6] pillars parallel to a every
three OBi4 tetrahedra (Figure 3d). Half of the intersections
between the layers the pillars are stabilized by additional O
atoms in OBi3 triangles (Figure 3e). It creates a dense packing
of 1D-cavities parallel to c axis which contain the SO4 tetra-
hedra. The Li+ ions take place at the middle of the square
channels formed by the latter SO4

2− anions.
Related oxocentered lattices with similar formula [Bi12O15]

6+

have already been observed in ref 34: [Bi12O15][Cl6] with 2 ×
2 × 2 Td triangular pores, formed by condensed oxocentered
ribbons. Here the Td notation denotes OBi4 tetrahedra. In the
title compound, the porous network displays square channels
with a 3 × 3 Td section. The [001] TEM image (Figure 4)
gives a real-space view of the arrangement between the square
tunnels in agreement with the refined model. The super-
imposition of the structure is positioned with the help of a
simulation using JEMS software.28 It allows the use of a
different defocus to observe the oxocentered framework
with various image contrasts. To date, our attempts to prepare
the corresponding powder sample starting from Bi2O3/
Li2CO3/(NH4)2SO4 precursors systematically failed, leading
to a majority of [Bi28O32][SO4]10 (see Supporting Information
Table S4).
Due to the particular electron density maps along the Li+

channels discussed above, we performed a spectroscopic imped-
ance analysis on a single crystal of [Bi12O15][Li2(SO4)4]. The
crystals are needle-shaped with the long dimension correspond-
ing to the c-direction, as shown by our face indexation. It was
collected under conditions given in the Experimental Section.
Nyquist plots show more or less well-defined semicircles above
125 °C, Figure 2c. We have considered that the first contri-
bution at higher frequency corresponds to the bulk con-
ductivity. After normalization by the shape factor, we extracted

conductivity σ-values plotted as log(σ) versus 1000/T on
Figure 2c. However, difficulties to extrapolate the semicircle
intersection were frequent, at the origin of the distribution of
points in Figure 2c. It was not possible to extract a meaningful
activation energy from this plot, but at least one can announce
conductivity between 10−6 and 10−3 S cm−1 between 125 and
700 °C. These low values refute any efficient Li+ transport even
on heating, accordingly with the strong bonding between SO4

2−

and Li+ species.
Compound II. [Bi7K2O8][K(SO4)4] crystallizes in a mono-

clinic unit cell with lattice parameters a = 28.5219(8) Å, b =
11.4600(3) Å, c = 20.0843(6) Å, β = 133.3070(9)°. The crystal
structure was solved and refined in the C2/c space group, as
suggested by the XPREP software.34 However, after localization
of all atoms, a slightly disordered topology emerges from over-
large values of isotropic or equivalent displacement parameters
of O4b−4d involved in the highly distorted S(4)O4 groups. In
this structure the oxocentered tetrahedra form columns dis-
cussed below with a fully ordered −1K−Bi− sequence along
the b-axis at the corners. One cannot fully exclude K/Bi dis-
order undetected by XRD that may be responsible for various

Figure 4. TEM images for compound I: (a) [001] electron diffraction
zone axis pattern (EDZAP), (b, c) corresponding TEM image for two
defocus value with the projected structure along the c axis. (b) The
white dots indicate the position of the [Li2(SO4)4] channels between
the [Bi12O15]

6+ blocks whereas in part c the light contrast is attributed
to [Bi12O15]

6+blocks.
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orientations of the S(4)O4 group depending on the local
structure. Final positional and thermal parameters are given in
Supporting Information Tables S5 and S6. The final R1 factor
was 6.79 for all 5246 reflections and 3.50 for 3204 reflections.
Pillared Strucure. The structure of [Bi7K2O8][K(SO4)4]

contains 1D columns of [Bi7K2O8]
7+ with 2 × 2 Td sections

infinite along the b-direction. The surrounding SO4
2− tetra-

hedra form parallel channels by groups of four. K+ ions are
hosted in the square channels, leading to 8-coordinated KO8
polyhedra. A projection of the described structure is shown
in Figure 5a. The corresponding 2D-cationic network of

[Bi7K2O8]
7+ is shown in Figure 5c. Once more, the [001] TEM

image (Figure 7) confirmed the arrangement between the
cationic part and surrounding sulfate groups in agreement with
the refined model. In terms of an oxo-centered concept, the
columns are formed of OBi4 and OBi3K1 tetrahedra are fully
ordered with distances 2.11(1) Å < O−Bi < 2.73(1) Å and
2.88(1) Å < O−K < 3.03(1) Å. Similar columnar building
units have already been observed in the modulated [Bi10-
(Bi∼0.5Cd∼0.5)8O16](Bi0.6Cd0.8)2(PO4)8

34 (Figure 5d). However,
in this compound Bi/Cd inside the channels and at the corners
are ordered along an aperiodic period, contrarily to the present
fully ordered case. It follows that PO4

3− and SO4
2− groups can

template similar oxocenterd framework while the different
charges can be balanced by the substitution of Cd2+ by K+. By
comparison between parts c and d of Figure 5, it is obvious that
the difference of ionic radii between Cd and K induced
distortions inside the columns.
Coordination and BVS Study. The coordination number

around Bi1 and Bi2 is eight, compared to those of Bi3−7 which
are seven. Bi8 shows a lower coordination number, i.e., five.
The Bi−O distances around Bi3−Bi8 are similar, ranging from
2.11 to 2.95 Å, in contrast to Bi−O bonds in Bi1 and Bi2, with
a narrow distribution of bond length, varying from 2.32 to

2.73 Å. For all Bi3+ ions, bond valence sums (BVS) listed in
Table 2 are in good agreement with the expected values. K1
and K3 occupy corners of the columns and are surrounded by
10 O atoms. The K−O distances range from 2.70 to 3.22 Å,
leading to BVS = 1.10 and 1.04 for K1 and K3, respectively. In
the channels, the K2 atom is coordinated to eight O atoms at
distances from 2.77 to 3.12 Å. The present K−O distances do
not differ very much from those for K1 and K3 leading to
BVS = 0.99. The disorder around S(4) tetrahedron mentioned
above is supported by the overlarge values of isotropic or equiv-
alent isotropic displacement parameters of O4b−4d. Admit-
tedly, BVS calculations for S1−S4 sites also lead to +6.2−+7.1
as given in Table 2.

Compound III. The crystal structure of [Bi8.73K0.27O8]-
[K1.54(PO4)4] was solved in the I4/m space group (a =
13.977(2) Å, c = 5.7846(7) Å, and V = 1130.1(2) Å3) with the
final reliability factors R1 = 7.0%, wR2 = 7.56%. Its crystal
structure is related to those of the fully ordered [Bi7K2O8]-
[K(SO4)4] and of the modulated [Bi10(Bi∼0.5Cd∼0.5)8O16]-
(Bi0.6Cd0.8)2(PO4)8

34 mentioned above. However, the present
crystal structure is a pertinent example of a “fully disordered”
prototype, in the sense that several subunits show statistic dis-
tribution over mixed K/Bi sites (edges) and partially occupied
K channels. We note that diffraction patterns show no evi-
dence of any ordering (extra spots) nor pseudo-ordering
(diffuse streaks), similar to another disordered bismuth potas-
sium phosphate, [Bi2(Bi1.56K0.44)O3]K0.88 (PO4)2.

34 The refined
atomic positions and anisotropic displacement parameters are
given in Supporting Information Tables S8 and S9, respectively.
The pertinent distances are listed in Supporting Information
Table S10. The K/Bi disorder discussed below is at the origin
of several overlarge thermal parameters due to local disorder,
e.g., on connected SO4 groups for instance.
The formula of the 1D-columns is [Bi8.72K0.27O8]

+5 in which
the site at the edges of the column is mixed and is refined to
[Bi0.72K0.27]. For this refinement, due to the close Fourier
difference peak, the full occupancy was restrained while K and
Bi atomic coordinates were free-refined but restrained to equal
thermal parameters. As for the occupancy of the interstitial K
atoms, the initial refined occupancy was 0.73; however, it was
finally fixed in the last cycles to 0.77 in order to keep the struc-
ture electroneutral, without significant increasing of structure
reliability factors.
The lattices of compounds II and III could be related to each

other via the following relationships: aM⃗ ≈ 2a ⃗T, bM⃗ ≈ 2cT⃗, cM⃗ ≈
b ⃗T − aT⃗ (M, monoclinic II; T, tetragonal III) (Figure 6a). The
reduced monoclinic cell of compound II VM is larger than those
of VT of the tetragonal cell of compound III (VM = 2388 Å3 vs
VT = 2260 Å3). Strikingly, it is in marked contrast to the

Figure 5. (a) Projection of the structure of [Bi7K2O8][K(SO4)4] along
the b axis. Isolated SO4

2− tetrahedra are drawn in light blue. (b)
Projection of a slab of [K(SO4)4]channel on the 001/4 plane. (c) Isolated
cationic network of [Bi7K2O8]

7+ blocks in yellow compared to (d)
those in [Bi10(Bi∼0.5Cd∼0.5)8O16](Bi0.6Cd0.8)2(PO4)8.

Figure 6. (a) Structure of compound III, [Bi8.73K0.27O8][K1.54(PO4)4].
Unit cells of compound II (dashed lines) and III (continuous lines)
are compared. (b) The view of K tunnel perpendicular to c axis. The K−K
distances are 2.89 Å, and their coordinations geometry are square planar.
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comparison of respective volumes of SO4 (1.54 Å3, average of
four SO4 tetrahedra) versus PO4 (V = 1.72 Å3).35 Apart from the
different composition of the oxocentered framework, it is due to
the different orientations of SO4 delimiting the tunnels and their
filling possibility.

■ CONCLUSION
The achievement of new inorganic compounds with either
columnar 1D-units or porous 3D-network made of (OBi4)
tetrahedra remains rare, and only a few compounds have

been reported to date.1 With the parent structure being the
3D-fluorite-type with condensation of OBi4 tetrahedra, after
depletion of oxocentered tetrahedral, these units conserve one
or more dimensions. We already discussed the analogy of 2 × 2
Td columns found in compounds II and III with recent com-
pounds of the literature. In the case of porous frameworks
(compound I), those reported in the literature mainly display
channels with triangular sections of variable size filled by large
halides such as Cl−: [Bi48O58.64][Ag4.78Cl31.5]channel,

36 [Bi6O7F]-
[Cl3]channel,

37 and [Bi12O15][Cl6]channel
38 (Figure 7). Recently,

three new other “multi-D” compounds owing such triangular
pores concomitantly with infinite chloride layers were tackled,
but compound I appears to be, to our knowledge, the first con-
taining square sections of channels observed in 3D-Bi/O lattice.
By comparison in the case of (OPb4) tetrahedra, the parent
structure is the layered litharge PbO structure, while the re-
moval of OPb4 generally preserves 2D-layers but porosity re-
mains. Several compounds have been reported with rectangular
or square sections such as shown in Figure 8. This figure
displays porous layers of (a) Pb10O7(SO4)Cl4(H2O),

39 (b)
Pb8O5(OH)2Cl4,

40 (c) Pb47O24(OH)13Cl25(BO3)2(CO3),
41 and

(d) Pb14O9(VO4)2Cl4,
42 with various section sizes. It follows

that, in the context of the design of novel open structures in
related chemical systems, the nature of Pb versus Bi cations in
the main building blocks plays a key role in the final dimen-
sionality of the crystal structure and could be used as a
controlled tool. However, we note that, in using both Pb and Bi
cations, we have recently reached a series of 2D-phases with
Cl− in the interleaves, in absence of any pores.43,44
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Figure 8. Variety of sections observed in lead and bismuth oxo compounds enhancing (a) 3T*3Td in [Bi12O15][Li2(SO4)4], 2T*2Td in (b)
[Bi12O15][Cl6]

38 and (c) [Bi48O58.64][Ag4.78Cl31.5],
36 and (d) 3T*3Td sections in [Bi6O7.5]Cl4Na1,

45 (e) 2T*2Td in Pb10O7(SO4)Cl4(H2O),
39 (f)

1T*3Td in Pb8O5(OH)2Cl4,
40 (g) association of 2T*2Td and 1T*3Td in Pb47O24(OH)13Cl25(BO3)2(CO3),

41 (h) and some oval-likes in
Pb14O9(VO4)2Cl4.

42

Figure 7. TEM images for compound II: (a) [010] electron diffraction
zone axis pattern (EDZAP), (b) corresponding TEM image with the
projected structure along b-axis. The white dots indicate the position
of the [Bi7K2O8]

7+ blocks.
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