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Single crystals of two new quaternary bismuth oxychlorides, Bi;304,Clg 5(BO3) 5 (1) and Bi;g0,,ClgSe (2), have
been serendipitously produced in syntheses starting from bismuth borate or oxyselenide and oxychloride. The
crystal structure of 1 represents a high symmetry analog of the PbBi,,0,,Cly type structure, formed by double
aliovalent (Pb2+ - Bi®* ,0.5Cl - 0.5B033_) substitution at the two respective cationic and anionic sites, while 2
is a full structural analog of PbBi;;0,,Cly. Overall, their structures can be described as sequences of thick (16 A)
slabs (2D “host” structure) comprised of litharge-like layers and ribbons formed by edge-shared oxocentered
OBi,, polyhedra (n = 4 and 5). The chloride anions fill the 7.6 A channels with the triangular cross-section inside
the slabs as well as the interlayer space wherein they are partially substituted by disordered BO;>~ groups or Se®~
anions. Compound 1 is just the second example of a mixed halide-borate occupancy among bismuth compounds
while 2 illustrates much broader perspectives of mixed oxyhalide-oxychalcogenide approach to construction of
novel complex bismuth compounds. Both compounds make new contributions to the family of tunnel structures
of anion-centered tetrahedra featuring wide trigonal channels filled by halide anions or more complex
metal-halide “salt inclusions”.

1. Introduction

By now, multinary oxide halides of trivalent bismuth are widely
studied due to a variety of practically important properties wherein
many representatives of this amazing family exhibit high performance.
Ferroelectricity [1,2], nonlinear optical activity [2], catalytic activity in
a variety of processes starting from selective oxidation of hydrocarbons
to photodegradation of organic waste [3-7], luminescence [8], and
thermoelectricity [9] are just the few that initiated extensive explo-
rations spreading in disparate directions. Some of these properties arise
already at the level of the corresponding pseudo-binary bismuth oxide
- bismuth halide systems of which the oxychlorides have attracted the
greatest interest due to higher thermal and air stability. The crystal
structures of the overwhelming majority contain either litharge-like
layers or their fragments comprised of oxygen—centered OBi, tetrahe-
dra and OBij triangles [10,11]. The most commonly referred to are the

Sillén-like compounds BiOX or M!BiO,X (X = Cl, Br, I) [12,13]; yet,
many more complex mixed-layer structures have been reported. The
commonly addressed way of further development of this family is in in-
creasing the chemical complexity by adding more components. Until re-
cently, this was achieved almost exclusively by introducing various
cationic species [14,15]; the last decade also witnesses rapid develop-
ment of multi-anionic structures [9,16-18].

Many complex bismuth-oxide and lead-fluoride halides or chalco-
genides can be characterized by the microporous positively-charged
frameworks related to zeolite-like structure, formed by anion-centered
[OBi, P * or [OPb,]4 * polyhedra [11]. These frameworks are charac-
terized by the presence of wide channels and/or large cavities filled by
negatively-charged guest anions. Such inversion between the charges of
host structure and the guest is well-known for the compounds belong to
the co-called “antizeolite” family [19,20]. In particular, among bismuth
compounds such frameworks are present in the crystal structures of
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Bi,05(BO), [21], BisO,I [22], Bi;405(SO,) [23], Bi;y0,5Cls [24],
BigO,FCl; [25], and Big050Cl3o(MsCl) (M = Cu™, Ag™) [26], while for
lead compounds the most complex framework is reported for the crystal
structure of [Pb,,F;¢]1[TagO4oF;3] [27]. Reduction of dimensionality of
the anion-centered host structure with the preservation of the system of
parallel channels forming 2D zeolite-related compounds has been pre-
viously found in PbBi;;04,Cly and Na,Bi;,0;5Clg [28] wherein wide
layers are structurally related to those in BigO,FCl; [25] and
Bisg0s50Cl3o(MsCl) (M = Cu™, Ag*) [26], respectively.

Herein we report synthesis and crystal structures of two new com-
pounds with a more complex “steelwork™ architecture, which are the
multi-anionic analogs of a multi-cationic archetype. One of these,
Bi;5049,(BO3)y5Clgs (1), was serendipitously observed as a minor
by—product in the search for the chloride analog of a recently reported
incommensurately modulated compound Bi,BO,Cl [29]. Several crys-
tals of its analog, Bi;3O4,SeClg (2), were equally unexpectedly obtained
during the preparation of a known compound Bi;0,SeCl, [17]; their
multi—cationic archetype is the unique compound PbBi,;0,,Cly [28].
We also discuss crystal chemistry of microporous bismuth
“salt-inclusion” structures with the trigonal channels of varied effective
width in terms of zeolite-related structures.

2. Experimental
2.1. Synthesis

The crystals of 1 were produced as a minor side product upon syn-
thesis aimed at the preparation of Bi,BO,Cl [29]. In the first step, a
“BizBOg” precursor was prepared by slowly heating a mixture of bis-
muth nitrate pentahydrate (p.a.) and boric acid (extra pure) in 2:3 M
ratio in an open alumina crucible to 723 K. The sample was ground and
re-heated at 923 K for 48 h. It was then cooled down to room tempera-
ture and mixed with BiOClI (prepared by hydrolysis of BiCl; in excess
water) in 1:1 M ratio and annealed in a silica—jacketed alumina crucible
at 1123 K for 48 h, after which the furnace was switched off. The major
part of the sample was microcrystalline yellow Bi,BO,Cl [29]; just a few
druses of thin needle-like crystals of 1 were found at the top part of the
sample (Fig. 1).

The crystals of 2 were observed on the surface of a pellet aimed at
the preparation of Bi,0,SeCl,. BiOCI and Bi,O,Se (prepared from Bi
(extra pure), Bi,O3 (p.a.), and Se (extra pure) at 1023 K as described in
Ref. [30]) were taken in 2:1 M ratio, pelletized, and annealed in an
evacuated silica ampoule at 1073 K for 60 h. Black needles of the new
compound were observed on the upper surface of the pellet along with
colorless platelets of BiOCl and off-white isometric crystals of Bi,SizO;5
[31]. All attempts to substitute, even partially, Cl by Brin 1 or 2 were as
yet of no success.

After establishing the composition of the new compounds from sin-
gle crystal studies (vide infra), attempts were made to prepare bulk
samples. For 1, a stoichiometric mixture of Bi;BOg, Bi,O3, and BiOCl
was annealed under the same conditions as described above. For 2, a
mixture of Bi, O, Bi,0,Se, and BiOCl was pressed into a pellet (at ca.
8 t/cmz), sealed into a silica tube and annealed at 1123 K. The target
products were dominant, yet single-phase specimens could not be at-
tained (Fig. S1): the samples contained 63 % Bi;g04,Clg 5(BO3), 5 and
52 % Bi;0,,ClgSe (with the BiOCl present in both samples as a major
common impurity). Powder X-ray diffraction (PXRD) patterns were
collected on Rigaku SmartLab SE diffractometer (3 kW sealed X-ray
tube, D/teX Ultra 250 silicon strip detector, vertical type 6-0 geometry,
HyPix-400 (2D HPAD) detector) utilizing Cu Ka radiation
(o1 = 1.54060 A, Ao = 1.54433 A).
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Fig. 1. (@) Schematic diagram of experimental setup for the synthesis of
Bi;g09,Clg 5(BO3)g 5. The figure shows an evacuated quartz glass ampoule, at
the bottom of which there is a charge of the stoichiometric composition
“Bi4BO,Cl”, from which long and thin needles of Bi;304,Clg 5(BO3), 5 protruded.
(b) Single crystals of Bi;30,,Clg 5(BO3)y 5 in non-polarized (above) and polar-
ized (below) light.

2.2. Single—crystal X-ray analysis

A needle-like crystal of 1 was selected using the polarizing micro-
scope and mounted on a glass fiber. The data were collected on a
Rigaku XtaLAB Synergy-S four—circle diffractometer utilizing Mo Ka ra-
diation. Lorentz and polarization corrections were applied; the absorp-
tion correction was made using multi-scan method. An isotropic extinc-
tion—correction did not improve the refinement for all crystals. The in-
tensities of the reflections for the tiny crystal of 2 were collected at the
“Belok” beamline of the Kurchatov Synchrotron Radiation Source (NRC
“Kurchatov Institute”, Moscow, Russia), at the wavelength of 0.7572 A
using a MAR CCD 165 detector. The image integration was performed
using the iMosflm software [32]. The integrated intensities were empir-
ically corrected for the absorption using the Scala program [33].

The observed Laue symmetry and systematic absences indicated
Immm space group for 1 and C2/c for 2. The structures were solved us-
ing a charge-flipping method [34] implemented in JANA2020 [35].
Data visualization was performed with the Vesta [36] and Atoms 6.1
[37] software.

Initially, 6 Bi, 4 Cl, and 7 O sites were localized for 1 which led to an
incomplete formula of «Bi;g0,,Clg» with a semi-occupied Cl4 position.
Analysis of the difference electron density maps revealed several weak
additional maxima around Cl4. Initially, the overall formula was bal-
anced to « Bi;gO,, 5Clg» but some interatomic distances were out of con-
ventional ranges. Therefore, we suspected that, by analogy to Bi,BO,Cl
[29], the structure of 1 contains a mixed—occupied anion site hosting
the C1~ and BO;~ in a 0.75:0.25 ratio, resulting in a change-balanced
Bi;30,,Clg 5(BO3)o 5 formula. Assuming that both Cl~ and the boron
atom occupied the same position, the distances to the weak additional
maxima matched fairly to two equiprobable positions of a trigonal bo-
rate group. Solution and subsequent refinement of 2 revealed 6 Bi, 3 Cl,
7 O positions and one mixed Se/Cl position. The main features of the
X-ray diffraction experiments and structure refinement are summarized
in Table 1. Final atomic positional and displacement parameters, se-
lected bond lengths and angles are given in Table S1-S6.

The bond-valences sums have been calculated using the
Brown-and-Altermatt bond-valence parameters [38] and are listed in
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Table 1
Experimental details.
Chemical formula By 5Bi;gClg 50435 Bi;gClgO,,Se
M, 4444.4 4476.2
Crystal system, space group Orthorhombic, Immm Monoclinic, C2/m
Temperature (K) 296 293
Unit cell parameters a = 39.4183 (2) A a = 38.888 (8) A
b = 11.6965 (6) A b = 11.6700 (8) A
c=3888(2)A ¢ = 3.8700 (8) A
B = 9569 (3)°
V@AY 1792.4 (9) 1747.7 (5)
Z 2 2
Radiation type Mo Ka Synchrotron,
A= 07572 A
p (mm™) 88.7 99.90

Crystal size (mm) 0.18 x 0.02 x 0.02 0.11 x 0.12 x 0.16

Data collection

Diffractometer XtaLAB Synergy, Single Synchrotron,
source at home/near, HyPix A = 0.7572 A
Absorption correction Based on crystal shape Based on crystal
shape
Tnins Trnax 0.018, 0.333 0.139, 0.645

No. of measured,
independent and observed
[I > 3o(D] reflections

Rim N

(sin 0/W) oy (A7)

7191, 1673, 919 15249, 1600, 1598

0.067
0.777

0.143
0.682

Refinement

R[F* > 26(F)], wR (F), S
No. of reflections

No. of parameters

Apmass Apin (€ A7)

0.059, 0.048, 1.66
1673

74

3.11, -3.95

0.055, 0.065, 1.99
1600

91

3.29, -3.08

Computer programs: CrysAlis PRO 1.171.41.93a (Rigaku OD, 2020).

Tables S1 and S2. All bond valence sums are in good agreement with
the expected formal valences of atoms in the structure. In order to get
more insights into the possible pathways for sodium diffusion, the Bond
Valence Energy Landscape (BVEL) was calculated using to the Bondstr
software [39] provided in the Fullprof suite [40].

2.3. EDX analysis

Energy-dispersive X-ray spectroscopy (EDX) of 1 was performed on
a Zeiss EVO-25 scanning electron microscope (SEM) equipped with an
Oxford Instruments Ultum-Max 100 Energy Dispersive Spectrometer.
The electron-beam accelerating voltage was 20 kV and the current
2 nA; defocused beam (up to 4 pm spot size) was used and the X-ray ac-
quisition time was 100 s. The chemical composition was measured on
different spots on several crystals and eventually averaged. EDX analy-
sis of 1 yielded Bi:O:Cl molar ratios of approximately 17.3:26.0:6.7 for
1, which is close to the expected 18.0:23.5:8.5, considering the consid-
erable overlapping of the analytical BiM and CIK lines (Fig. S2).

2.4. Rietveld analysis

The Rietveld refinement was performed on the powder diffraction
pattern of 1 and 2. Sample of 1 consisted of individual crystals, selected
from a sample obtained during the synthesis of Bi,BO,Cl. 10-15 single
crystals of 0.1-0.2 mm size were selected in an optical microscope,
ground under ethanol and transferred, as a suspension, onto a
low-background single—crystalline germanium holder. The sample of 2
was in amount sufficient for the use of glass holder. The final structure
models of 1 and 2 obtained from single—crystal data were used in the re-
finement utilizing RietveldToTensor software [41]. Pseudo-Voigt func-
tions were used for fitting the reflection profiles. The background was
described by a Chebyshev polynomial function (25th order) and the
preferred orientation (direction [001] for 1 and [100] for 2) was mod-
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eled by the March-Dollase approach. The atomic coordinates were not
refined. The final Rietveld refinement results are given in Fig. 2 and
Table 2. The final refinement resulted in R,,, = 0.058 and Ry = 0.068.
The results obtained from the powder diffraction data are in proper
agreement with those derived from the single-crystal data.

Observed
Calculated
Dilference
Bragg position of Bi,,0..CL, .(BO,),,

IR SR DT R TRRTI TR B BRI TR T Bl )

— Observed
Caleulated
Difference
Bragg position of Bi 0.,C1.5¢
Bragg position of BiOCl

Intensity (a.u.)

[ | i i l Vo | l
— ] e N L Loa A A A A A
[ L R L OO AR T I
- S RLAS ] A I e
L‘n 2‘[] 3‘0 4‘[] 50 60 70
28.°

(b)

P

Fig. 2. Intensity profiles for the powder X-ray Rietveld refinement of (a)
Bi;30,,Clg 5(BO3)g 5 and (b) Bi;g0,,ClgSe. The observed and calculated profiles
are represented in blue and red lines, respectively. The difference profile is
plotted at the bottom. Vertical bars indicate the positions of the Bragg reflec-

tions.

Table 2
X-ray Rietveld refinement of the Bi;30,,Clg 5(BO3), 5 structure.
Chemical formula Bi;g0,,Clg 5(BO3)o 5 Bi;g0,,ClgSe
M, 4444.4 4476.2
Temperature (K) 297 297

Crystal system, space group
Unit—cell parameters

v (A%
VA
-3

D, (gem ™)
Radiation type

-1
p (mm™ )
Data collection
Diffractometer
6-range
(Sin 0/ pax A7
Refinement
Rup
R,

RBragg
N

No. of parameters

Orthorhombic, Immm
a = 8.88622 (27) A,
b = 11.7305 (11) A,
= 39.44121 (60) A

o

1798.07 (30) A®
2

8.21

Cu Ka

88.421

Rigaku Miniflex II
1.5-45, Step size (°) 0.02
0.459

0.058
0.050
0.067
1.73
28

Monoclinic, C2/m

a = 39.00313 (26) A,
b = 11.70259 (11) A,
¢ = 3.875918 (35) A,
B = 95.64781 (72) °
1760.527 (46) A®

2

8.44

91.297

1.5-35, Step size (°) 0.02
0.372

0.066
0.063
0.089
4.06
66
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2.5. Band structure calculations

DFT calculations on the electronic structure of 2 (Bi;gO4,ClgSe) were
performed using the projector augmented wave method (PAW) as im-
plemented in the Vienna Ab initio Simulation Package (VASP) [42,43].
Ordered models with (i) alternating Se and Cl atoms in the Sel/Cl4 po-
sition, and (ii) pairwise —Cl-Cl-Se-Se- motif of the occupancy of that
site were considered to describe mixed occupancy; the first model was
found to be favorable by ca. 1.09 eV and therefore was used in the dis-
cussion. Experimental structure parameters were used for the calcula-
tions and transformed to the P1 group; in both cases, the relaxation of
atomic coordinates was carried out to determine minimum structure
and eliminate structural tension. The r’SCAN exchange-correlation
functional of the meta-GGA type was used for the calculations [44]. The
number of k-points in the first Brillouin zone was chosen so as to pro-
vide a step between k-points of no more than 0.02 AL Energy cutoff
was set to 500 eV, and the energy convergence criterion was at 107> eV.
Charge density analysis was performed employing PAW augmentation
using the Bader 1.04 package from Henkelman group [45-48]. DOS and
band plots were produced using sumo 2.2.5 package [49].

2.6. Raman spectroscopy

The polarized Raman spectra of 1 were measured using a Bruker FT
100/S spectrometer with YAG:Nd laser excitation at 1064 nm. The
spectral resolution was 2 cm™L. The orientation of the crystallographic
axes was done using the X-ray method; x—, y— and z—-axes were taken as
x||ay||bandz||c.

3. Results
3.1. Crystal structures

The crystal structures of 1 and 2 can be regarded as comprised of
relatively thick (~16 A) layers comprised of double litharge-like sheets
“reinforced” by ribbons cut out of the same litharge sheets, in the man-
ner of steelwork; these layers are separated by anionic sheets of chlo-
ride and borate anions (Fig. 3). The metal-oxygen framework is formed
by edge-sharing oxocentered OBi, (d (Bi-0) = 2.189-2.753 A for 1
and 2.152-2.798 A for 2) tetrahedra; at the “junctions” of litharge lay-
ers and ribbons, OBi; are formed (d (Bi-O) = 2.21-2.78 A for 1 and
2.25-2.81 A for 2). Some Bi-O distances are somewhat below average
but observed, for instance, in the structure of Bi,403,Cl;, [50]. Note
that due to low symmetry of the structure and relatively weak scatter-
ing power, the positions of oxygen atoms are determined with lower
precision. Within these “steelwork” junctions, seven oxocentered poly-
hedra (six OBi, and one OBis) form “clusters” (Fig. 3d). The bis-
muth-oxide framework features trigonal channels (Fig. 3e) filled by the
Cl1 and C]2 anions. The interlayer anionic sheets are filled by C13 and a
mixed Cl4/B (1)0s site (75 % CI~, 25 % disordered BO,®" triangles (d
(B-0) = 1.372-1.449 A) (Fig. 3c) or mixed Cl4/Sel site (50 % CI,
50 % Se?"). This low precision and scatter in the B-O distances is again
due to the low occupancy and orientational disorder of the borate group
so that the actual scattering from partly occupied oxygen sites is very
low, particularly considering the high percentage of heavily scattering
bismuth atoms and relatively low overall crystal symmetry.

The CI1 and CI2 atoms are coordinated by six bismuth atoms in a
regular way (d (Bi-Cl) = 3.12-3.31 A for 1 and 3.07-3.32 A for 2). The
CI3 and Cl4 center almost ideal Bi8 cubes (3.462 A x 8,
3380 A x 4 + 339 A x 4 for 1 and 3.365 A x 8,
3.330 A x 4 + 3.258 A x 4 for 2).

The calculated bond—valence sums [51] for Bi (2.57-3.31 v.u. for 1
and 2.92-3.38 v.u. for 2), ClI (0.56-0.97 v.u. for 1 and 0.75-1.04 v.u.
for 2) and O (1.20-2.35 v.u.) are close to their formal valences. It is cu-
rious to note that in the OBij; species, the BVS of the oxygen atom is sur-
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(d (e)

Fig. 3. Crystal structures of (a) 1 and (b) 2. The mixed Se/Cl anionic site is
highlighted in yellow; the “inviolable” CI~ site is shown in green. (c) The
joint—occupied position filled by disordered BO,>~ and CI-, (d) association of
the OBi, and OBi5 oxocentered polyhedra in 1 and (e) Cl-bearing channels.
The occupancies of the 08, 09, Cl4 and B1 sites are shown in italic subscripts.

prisingly low (1.20 v.u.), which may reflect certain strain at the junc-
tions. We have also calculated the bond-valence energy landscape
(BVEL) of 1 using the BondStr software [39] (Fig. 4); based on these re-
sults, it is possible to suggest that there is at least some free room to per-
mit migration of the chloride anions along [100]. It should be noted
note that the needle axis of the crystals corresponds to the [100] direc-
tion of their structure (Fig. 1b).

Fig. 4. Part of the structure of 1 with the suggested migration channels of the
Cl™ anions. calculated in BondStr software [39].
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The structure of 2 is very similar to the one described above but
adopts monoclinic symmetry. The bond lengths in the OBi, units vary
between 2.15 and 2.80 A, while in the OBi; square pyramids, between
2.25 and 2.81 A. Again, the BVS for the oxygen in OBij is relatively low.

It is worth noting that the higher—charged Se?~ anion in 2 partially
occupies the interlayer site equivalent to that occupied by the BO;>~
species in the structure of 1 despite its size being much closer to that of
Cl~, and mixed Se®>~/Cl~ occupancy is observed over several anionic
sites in the mixed-layer Sillén-type oxohaloselenides [17,18]. The
other interlayer site as well as those inside the trigonal channels, re-
main occupied exclusively by Cl™. This may be indicative of some struc-
tural restrictions not permitting incorporation of larger anionic species.
This is in line with the negative results of attempting to substitute, even
partially, Cl~ by slightly larger Br~ in these structures.

Following the rules developed for the description of ordered microp-
orous and mesoporous materials with inorganic hosts approved by In-
ternational Zeolite Association, the crystal chemical formulas of studied
compounds should be written in the following order: |guest composi-
tion| [host composition] ,{dimensionality of the host D" p{dimension-

ality of the pore system DP — shape of the pore n;"" — direction of the

channel [uvw]} (symmetry) [52,53]. Consequently, the general crystal
chemical formulas can be written as follows (Z = 2):

|(:16 waa(BO3)osCls| [BiigOxn] {2} ,{1[4°6°15°*] [100] (15 — ring) }
and
|Cle| aaalSeCla] [Bi1sOn] 4(2} , {1 [4°6°15%2] [001] (15 — ring)} (C2/m)

indicating that the 2D host structure consists of a system of parallel
channels (filled by “guest” Cl~ anions) running either along [100] in (1)
or [001] in (2) direction. Channels are characterized by the [4%6°15%2]
topology with the 15-membered ring (15R) pore opening. The addi-
tional layer of the compositions [(BO3), 5Cl, 5]1in (1) or [SeCl,] in (2) in
present between the adjacent 2D host structure.

3.2. Raman spectroscopy studies

The presence of tiny amounts of borate groups deduced from the
structural was also conformed from Raman studies of single crystals of
1 (Fig. 5). Though the intensities of the corresponding bands are expect-
edly low, they are clearly seen in the inset. The peak at 701 cm™ is at-
tributed to the bending vibrations of BO; groups. The peak at 944 cm ™
is attributed to their symmetric stretching, while the asymmetric
stretching mode of the BO, groups occurs at 1220 cm™'. The peaks at
104-325 cm™! are related to the Bi-O lattice vibrations and stretching
frequencies of the BiO units with Bi-O bonds <2.4 A. Peaks at 450,
495 cm™! are related to the stretching frequencies of the BiO units with
Bi-O bonds >2.4 A. There is some distant correlation to the ~60, 150,
and 200 cm™! modes of BiOCl observed in Raman [54] and ~530 cm ™
in its IR spectrum [55].

3.3. On the presence of boron in the structure of 1

The localization of the weakly scattering and disordered BO5 group
in the structure of 1 in the presence of strong scatterers requires addi-
tional argumentation. We note that in the previous case of incommen-
surately modulated structure of Bi,BO,Cl we faced a similar pattern
with the BO5 groups and Cl atoms occupying the same position; yet,
these were partially ordered which caused the structural modulation
[29] In contrast, the structure of 1 exhibits full orientational and occu-
pational BO5/Cl disorder.
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Fig. 5. Raman spectra of Bi;30,,Clg 5(BO3)g 5.

The EDX spectroscopy data also do not provide convincing argu-
ments, particularly in the case of suggested low boron content. The ra-
tio of heavier elements, except boron, agrees well to the proposed com-
position. Yet, the Raman spectrum acquired from the crystals of 1 con-
tain weak bands corresponding to the borate group. In addition, the
compound 1 was not found on the phase diagram of Bi,O3 — BiCl; sys-
tem [56]. Yet, addition of bismuth borate in the reaction mixture per-
mits to prepare this compound with an essential yield.

3.4. Electronic structure of Bi;g0,,ClgSe

DFT calculations were performed on the compound 2, as it is more
ordered of the two and can be modeled more accurately. However, due
to the similarities of the structures and the location of main structure-
building blocks, we expect electronic structures of both compounds to
be fairly similar.

The density of states (DOS) plot (Fig. 6) shows the compound to be a
narrow-gap semiconductor. Atomic projection analysis indicates that
the major contributions to the valence band near the Fermi level come
from Cl 3p, O 2p, and Se 4p states, with strong contribution from Bi 6p
states to the conduction band. The bottom of the conduction band is
characterized by the region of very low, but non-zero DOS, implying
that it is formed by very few bands as compared to the main contribu-
tions to both valence and conduction bands.

The DOS analysis is corroborated by the band plots (Figs. 7 and 8).
As seen from the plots, the compound is an indirect-gap semiconductor
with the band gap of ca. 0.18 eV. Valence band maximum (VBM) is at M
point, and conduction band minimum (CBM) is at I point. The strongest
contributions to VBM are provided by the Cl 3p and O 2p states, while
Bi 6p states and Cl 2p states feature most prominently in CBM. Fig. 8
shows only the contributions from Sel/Cl4 p-states and confirms that
the atoms in the mixed position also contribute to CBM/VBM, although
their contributions are minor. Generally, both CBM and VBM are
formed by relatively few bands, which is consistent with the informa-
tion provided by DOS analysis.

Bader charge density analysis indicates a significant degree of
charge transfer from bismuth to the anionic part of the structure. Aver-
age calculated charges are: +2.75 (Bi), —0.90 (Cl), —1.13 (Se), —1.86
(0). Such high values indicate strongly ionic nature of the structure,
with all the atoms except Se practically reaching their most stable posi-
tive (Bi) or negative (Cl, O) oxidation states. This charge distribution is
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— Bi(s)
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Fig. 6. Total and projected densities of states (DOS) near the Fermi level
(marked by dotted line) for 2.

LT
\' 1

Fig. 7. Calculated band structure for 2. The thickness of the lines is propor-
tional to the size of the contribution. Fermi energy is at zero. Red dot marks con-
duction band minimum, green valence band maximum.

also consistent with DOS plots which show respective filled or vacant
states for each element.

3.5. Structural relationships between tunnel bismuth oxychlorides and lead
fluorohalides

The new compounds 1 and 2 are new members of a relatively large
family of litharge-derived structures featuring trigonal or nearly trigo-
nal channels filled by halide anions. Herein we present a brief review of
its structural chemistry.

The nearest structural relative to 1 and 2 is the PbBi;,;0,,Cl, oxy-
chloride (Fig. 9e) [28] which contains the same “steelwork-reinforced”
layers with a just slightly different composition. In this case, the posi-
tive charge of the layers is exactly compensated by the five fully occu-
pied Cl sites. Though the difference in scattering by Bi®* and Pb?* is
very small, the latter cations were assumed to occupy the cation sites at
the junction points. In the structure of 1, as well as of 2, all cation sites
are fully occupied by Bi®* and their positive charge is compensated by

Journal of Solid State Chemistry xxx (xxxx) 124889

Je Cl (p)
Se (p)

Energy (eV)

Fig. 8. Band projections for Sel and Cl4 atoms in the structure of 2. The thick-
ness of the lines is proportional to the size of the contribution. Fermi energy is
at zero. Red dot marks conduction band minimum, green valence band maxi-
mum.

partial substitution of CI~ by a higher charged BO,3". These anions are
strictly localized in the interlayer space; this part of the structure is sim-
ilar to that in [Bi;O4]1(BO3)Cl [29]. This substitution also leads to in-
crease of symmetry from monoclinic (PbBi;,0,,Cly) to orthorhombic
(1). In the meantime, 2 is a complete analog of PbBi;;0,,Cl, from
which we conclude that the increase of symmetry in 1 is due to incorpo-
ration of a relatively large BO,3~ anion which is able to form covalent
bonds to the neighboring Bi atoms contrary to Se?~ and Cl~. Further
studies are evidently necessary to support this suggestion; yet, incorpo-
rating isoelectronic or isolobal analogs of BO;>~ (CO42~ and NO;™) or
Se?” (8%~ and Te?") seems to be a synthetic challenge given the high
synthesis temperature and overall thermal instability of carbonates and
nitrates and high-temperature redox processes in the Bi,O5 — Bi,S; and
Bi,O0; — Bi,Te; systems [55]. Note also that the corresponding bromides
were not reported; our attempts to approach these were also not suc-
cessful. As noted above, this indicates existence of some restrictions;
even the structures of 1 and 2 may lie rather close to the crystal chemi-
cal “borderline” due to the presence of strained parts, most probably
the O(Bi,M)s square pyramids.

In accordance with the IZA rules, the crystal chemical formula of
PbBi;;0,,Cly can be written as:

|c16

aaalCl3] [PbBi70x] {2} {1 [4°6°15%2] [010] (15 — ring) } (C2/m)

the topologies of the 2D host structure represented by the
{|Clg|@[Bi;50451} in studied compounds (1) and (2) as well as
PbBi;;0,,Cly are the same and the main difference is the slight shift of
the adjacent layers along the “additional” layer which is reflected in the
symmetry of their structures. Thus, these compounds can be considered
as polytypes and could described in the terms of OD (“order/disorder”)
approach [58,59]. Moreover, based on the TEM images [28] it is clear
to see that the number of the “additional” {BiOCl} layers intercalating
between {|Clg|@[Bi;30,,1} host layers could be different forming the
modular series with the hypothetical simplified formula:

|X6| oua [¥31BIOCD, ] [M15021 4(2} ,{1[4°6715%2] (15 — ring)}

where X = Cl7; Y=CI", Se?", (BO,)>; M = Bi®*, Pb%*;n = 1, 2,
3.
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Fig. 9. The crystal structures of (a) (PbF,)¢PbCl,, (b) Na,Pb,;F;5Clg [571, (¢) Bi;,0,5Clg, (d) (Mngg,Pby 5)BigO,5Cls [28], (e) PbBi;;04,Cly [28], (f) BigO,FCls, (8)
NaBigO, 5Cl, [28], (h) Agy7gBisgCls; 505564 [26] and (i) Bi,0,Se [30]. The anion-centered polyhedra are shown in violet, the chloride anions at the interfaces, in
green; the Na* and Ag™ filling the interstices, in red. The arrows indicate the size of the channels which are shown nearby.

Significantly more complex is the structure of NaBigO, 5Cl, (Fig. 9g)
[28] which is also characterized by the 2D host structure, with the trig-
onal cross-section, but with the notably wider with the effective chan-
nel width of 11.2 A. The crystal chemical formula can be written as
Z=4:

(NaCl3) Cl3| 444[Cly] [NaBijp015] ,{2} p{l [4°6°21%2] [100] (21 — ring

As the wide channels are filled by both CI~ anions and | [NaCl3]2_

anionic chains with the trigonal prismatic coordination of the central
Na' cation, this structure can be considered as a “salt-inclusion”. The
Na™ cations also actively contribute to the formation of the “steelwork”
layers and provide the overall charge balance; this is facilitated by the
near equality of the ionic radii of Bi** (1.18 A vs. 1.17 A for the CN of 8
[60]) — most cationic sites are mixed-occupied. The sites at the junc-
tions are partially disordered which again suggests an essential strain in
this part of the structure.

The simplest representative of this kind of anion-centered layers is
observed in the crystal structure of compound (MnggPbg5)BigO;,Cls
[28] (Fig. 9d) which features essential distortions of the litharge motif
at the junctions. This structure contains similar system of the parallel
channels with the trigonal cross-section within the 2D host structure
filled only by Cl™ anions. The crystal chemical formula is (Z = 4):

|c1s

aaa[Cl2] [(MngsPbo2) BigO12] {2} , {1 [4'26716™2] [100] (16 — rin;

The bismuth/lead oxides and oxohalcogenides also exhibit 3D host
structures represented by the “antizeolite” frameworks, formed by an-
ion-centered polyhedra. Among them there is a group of compounds
which structures adopt a hexagonal symmetry, so the “complete”
litharge slabs are no longer present and, as the result, the 2D layers
transform to 3D frameworks. The “antizeolite” crystal structures of
Bi;,0,5Clg (Fig. 9¢) [24] and BigO,FCl; (Fig. 9f) [25] are characterized
by the presence of system of parallel channels with the trigonal cross-

section. However, their structures are formed by a slightly different
way of “junctioning” the litharge ribbons of different width. Neverthe-
less, the topology of the channels in the crystal structure of BigO,FCl;
(Fig. 9f) [25] is the same like in compound (1) (Z = 2):

|C16| [Bi1nO1F2] 43} ,{1[4°6’15**] [010](15 — ring) } (Pnma)

Despite the same amount of bismuth cations and rather similar stoi-
chiometry between Bi;,0,,F,Cly (=BigO,FCl; [25]) and Bi;;0,5Clg
[24], the decreasing number of anions forming the “antizeolite” frame-
work by the 2F~ — O% substitution significantly changes the topology
of the channels. Later, Hopfgarten [61] suggested the existence of a
third member of this family containing both “intact” litharge slabs and
ribbons, however, no experimental evidence exists for this structure.

Essentially more complex “antizeolite” frameworks with two sys-
tems of parallel channels are present in the structures of BiygO5¢Cls,
(MsCD) (M = Cu, Ag) (Fig. Sh) [26]. Both channels are characterized by
trigonal cross-sections wherein the first one (topologically equal to that
in (1) and related compounds) is filled only by Cl~, while the second
one is filled non-stoichiometric copper-chlorine salt inclusion. The non-
stoichiometry of the salt-inclusion parts suggests a possible cation mi-
gration along the wide channels of the second type. Taking into account
the presence of two types of the channels as well as the non-
stoichiometry of the oxygens the corresponding idealized crystal chemi-
cal formula can be written as:

1[4°6%15%2] [001] (15 - rin _
CU5C130 [ ] [ ] ( g) P62n

1 [4*'6*27%%] [001] (27 ~ ring)

[BissOg0-| 413} {
»

where x = 1. Note that bromide analogs for these oxychlorides fea-
turing small trigonal channels have not been reported as well.

Isoelectronic to the Bi®* /02~ is the Pb2" /F~ couple which also very
commonly contributes to the litharge slabs. The crystal structures of
compounds with the general formula M,Pb,;F;¢X,, where M = Na, K
and X = Cl, Br [57] also contain two system of parallel channels with
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MODULAR SERIES OF THE CHANNELS OF THE [476'(3n+6)""]-TYPE TOPOLOGY

n=3

n=5
[4'6715%] [4"6"21

]

.n — T .
[4'6°27""]

Fig. 10. Different types of the channel topologies of anion-centered tetrahedra.

the trigonal and hexagonal (topologically equal to those in the crystal
structures of 1 and 2) cross-sections, filled by X and M* guests (Fig.
9b). All the framework sites are jointly occupied by M™ and Pb2*
cations. Thus, the crystal chemical formula can be written as:

} (P63/m)

In this cases, formation of bromides (but not iodides) is possible due
to the larger size of Pb2" compared to Bi®" (the radii of 02~ and F~ are
nearly the same).

Most of the tunnel bismuth/lead oxychlorides are characterized by
the presence of the rather similar channels with the trigonal cross-
section which topologies can be described by the general formula
[4%"63 (3n+6)%?] (Fig. 10) where n = 3 (2D-zeolite-related com-
pounds (1), (2), and PbBi;;0,,Cly [28]; “anti-zeolites” BigO,FCl; [25],
Biyg050Cl30(MsCl) (M = Cu, Ag) [26] and M,Pb,,F,gXs, (M = Na, K;
X Cl, Br) [57]D, n 5 (NaBigO,sCl; [28]), and n 7
(BisgOs50Cl3o(MsCl) (M = Cu, Ag) [26]). Such relation indicates a
polysomatic and modular aspect [58,59] of the crystal structures of bis-
muth/lead oxychlorides similar to that in the crystal structures of tun-
nel manganese oxides [53]. Depending on the effective channel width
they could be filled either by Cl~ anions or more complex anions with
“salt-inclusion” structure.

1[4°6°15%2] [001](15 — ring)

MXq 2,00 o
1 [4%6%] [001](6 — ring)

[MPbFig] ,{3} {
P

4. Discussion

There are several points about the crystal chemistry of this unusual
family which are worth noting. First, the environment of the majority of
the cationic sites corresponds to the Archimedean (Bi,M)O,Cl, or
(Pb,M)F,X, (X = Cl, or Br) as in the “archetypic” X;-type Sillén struc-
ture, [M,(O,F),1X (Fig. 9i) [62,63]. Hence, these structures can be re-
garded also as its complex derivatives. Second, there is a likely size
match between the size of the cannels and the radius of the correspond-
ing halide anion. With the smaller Bi>*—0?" pair, the channels can be
filled by only Cl~; no bromide analog of any structure reported above is
known (note that most Cl positions in the structures of 1 and 2 are
“closed” to substitution by larger species). While crystals of 1 were ob-
tained as a minute admixture to Bi,BO,Cl, the corresponding Bi,BO,Br
and Bi,BO,I compounds were produced phase-pure under the same
synthesis conditions. With the larger Pb?* —F~ pair, the size of the trigo-
nal channels is large enough to home Br~, but yet not by I~; this is in
vivid contrast to the corresponding layered archetypes wherein the in-
terlayer space readily hosts CI~, Br~, and I with minimal, if any, varia-
tion of the structure [12,14].

It should be noted however, as we briefly mentioned above, that the
chemistry of the multi-anion bismuth oxyhalides is yet at the early
stages of its development and many new compounds which now seem
unusual are expected to be discovered and explained. The seemingly
relatively simple Bi,O; — BiCl; — Bi,Se; system, initially explored by
Schmidt et al., was shown to contain three pseudo-ternary compounds,
Bi,0,SeCl,, Bi;;0;,SeCl,, and Biy,0,5SeClg [64]; for the latter com-
pounds, Arppé-like structures were suggested. Later studies, dedicated
mostly to Sillén-like layered structures, confirmed existence of the for-
mer compound and revealed two new representatives, BigOgSe,Cl, and
a disordered mixed-layer compound BigOgSe;Cl, [18]; our studies in
the same system produced the new compound 2. This suggests that ei-
ther some compositions were initially misidentified or, hopefully, there
are some more pseudo-ternaries within the system which were not dis-
covered at the earlier studies due to some kinetic hindrances. Note that
the multi-anionic Bi,0,SeCl, and BigOgSe,Cl, are full structural
analogs of multi—cationic MBi;0,X; (M = Pb, Sr) and M,Bi,O,Brg
(M = Ca, Sr, Cd) [5,6,65,66]. Very close structural relationships be-
tween PbBi;;0,,Cly, 1, and 2 testify that these structural analogies are
indeed not unique for the Sillén-type structures but stretch much fur-
ther into the realm of much more complex architectures. The suggested
structural relationships of the yet not characterized Bi,,0,,SeCl,, and
Biy,0,4SeClg compounds to the “Arppé phases” Biy,03,X;, are in line
with this suggestion.

The tunnel oxides are characterized by the wide structural diversi-
ties and the effective size of the channels [67]. Most of them belong to a
large family of manganese oxides with modular structures and different
types of the porosity [68-70] and attract interests as charge storage ma-
terials for rechargeable batteries and supercapacitors, since the tunnels
enable fast reversible insertion/extraction of charge carriers [71-73].
The considered families of microporous bismuth oxide can be analogs
of the octahedral molecular sieves with the host structures formed by
the anion-centered polyhedra. As the frameworks are positively-
charged these compounds can be considered as the possible matrix for
the storage of large anions, such as radioactive 3°Cl.
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